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ABSTRACT

The southeastern United States has a great diversity of freshwater mussel species,
many of which are threatened with extinction. The muskrat (Ondatra zibethicus) is one
of the few animals to extensively prey on freshwater mussels, and it has been implicated
in retarding the recovery of, or further threatening, some endangered mussel populations.
Muskrat predation on mussels may be significant at Mammoth Cave National Park
(MCNP) where a river otter (Lontra canadensis) restoration has been proposed.
Anecdotal observations suggest that the reintroduction of river otters dramatically
reduces muskrat populations, which, in tum, may reduce the number of mussels
consumed by muskrats. As a first step to determine the potential effects of river otter
restoration on muskrat and mussel communities, I established baseline information on
mussels, muskrats, and river otters and documented ecological relationships between
muskrats and mussels on the Green and Nolin rivers in MCNP.
I used radio telemetry, stable isotope analysis, and GIS habitat modeling to
characterize muskrat movements, diets, and habitat use, respectively. I captured 50
muskrats (29M: 21F) between June 2002 and August 2003 and placed radio collars on 12
adult muskrats. Average linear home range for muskrats with >10 locations was 410 m
(SD = 277). Predation by mink (Mustela vison) and owls was the most common cause of
death for collared muskrats. I submitted hair samples from 49 muskrats, toe samples
from 35 muskrats, and 5 muskrat food items for stable isotope analysis of carbon and
nitrogen ratios. Stable isotope methodology for diet studies is based on the premise that
isotopic ratios of heavy to light elements in animal tissue reflect those of their diet and
V
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thus, can be used to quantify the importance of a food resource. Different tissues from
the same animal can provide dietary information representing different time spans.
Animal matter comprised approximately 45% of adult muskrat diets based on hair
samples and 28% based on toe samples, as estimated with a multiple-source mixing
model. Trophic level estimates of 2.40 and 2.19 were also consistent with an omnivorous
diet. I used GIS coupled with the Mahalanobis distance statistic to predict muskrat
habitat use and sites of mussel middens. There was a strong positive relationship
between the 2 models (r2 = 0.68, P <0.001) suggesting that mussels are an important
component of muskrat habitat use at MCNP.
I used scent stations to detect river otter presence on the Green and Nolin rivers.
River otters visited scent stations on 16 occasions (2.2%) and 2 otter spraints were found
along the rivers. I concluded that otters existed within MCNP, but the population was
small or transient and restricted to the Nolin and the impounded part of the Green rivers.
I used spotlight surveys to monitor muskrat populations. Numbers of muskrats
seen during surveys conducted from January to August 2003 reflected the expected
seasonal decline and recovery of the muskrat population. Linear regression analysis
revealed that 44.6% of the variation in numbers of muskrats observed was related to time
or variables correlated with time (i.e., water level and water temperature), suggesting that
the observed trend was due to actual changes in the muskrat population rather than
responses to environmental factors. Power to detect declines in muskrat populations with
spotlight surveys varied from 0.18 to 0.94 over a range of possible scenarios. Reducing
the between-night variation of spotlight surveys will be important to increase power to
detect potential declines in muskrat populations due to otter restoration.
Vl
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CHAPTER I
INTRODUCTION
BACKGROUND

North America has the greatest diversity of freshwater mussels in the world with
nearly 300 recognized taxa (Mollusca: Bivalvia: Unionoidea; Williams et al. 1993). The
southeastern United States is especially rich in mussel species, particularly the river
systems of Tennessee, Alabama, and Kentucky (Cicerello et al. 1991). Unfortunately,
freshwater mussels are among the most threatened faunal groups in North America. Of
the 297 mussel species, 213 (71.7%) are considered endangered, threatened, or of special
concern (Williams et al. 1993). Twenty-one of those species are probably extinct
(Williams et al. 1993).
Mussel declines have been primarily attributed to habitat alteration and
degradation associated with the construction and operation of dams (Williams et al. 1992,
Bogan 1993, Hughes and Parmelee 1999). Most mussel species live in riffle and shoal
habitats of free-flowing waterways (Parmalee and Bogan 1998). Beginning in the 1930s
and continuing through the 1970s, large dams were constructed for hydroelectric power,
flood control, and navigation, and today, nearly all major rivers of the Southeast are
affected by impoundments. The dams have drastically altered the flow and temperature
regimes of the rivers. Upstream of dams, rivers are transformed from lentic to lotic
ecosystems and mussel assemblages associated with free-flowing conditions disappear (Bates 1962, Williams et al. 1992, Blalock and Sickel 1996, Hughes and Parmalee 1999).
Below the dams, altered discharges and cold water releases from the hypolimnion have
1

resulted in poor to non-existent recruitment and subsequent mussel declines (Heinricher
and Layzer 1999, Hardison and Layzer 2001). Because native freshwater mussels have a
parasitic larval stage and are dependent on host fish, even low-head dams may contribute
to the depletion of mussels by restricting host fish and, thus, mussel distribution (Watters
1992, 1996).
Water pollution and commercial exploitation have also contributed to freshwater
mussel declines. As filter feeders, mussels are particularly susceptible to water pollution.
Heavy metals, acid mine runoff, untreated effluent, and increased siltation from
agricultural practices have been implicated in the extirpation of mussels from some
streams (Bogan 1993). In other cases, commercial exploitation of mussels for the button
and cultured pearl industry has severely impacted mussel populations (Bogan 1993).
Because of the aforementioned factors, many mussel species now only occur in small,
disjunct populations with little or no recruitment. Those populations, some of which are
critically endangered, are less able to withstand additional environmental disturbance.
The muskrat is one of few animals to extensively prey on freshwater mussels
(Zahner-Meike and Hanson 2001). Muskrats are widely distributed across North
America and have been introduced to Europe and Asia where they can occupy a variety
of wetland habitats including marshes, ditches, and rivers (Schwartz and Schwartz 1981,
Perry 1982). Whereas muskrat diets in marshes are almost exclusively comprised of
vegetative matter (Enders 1932, Butler 1940, Takos 1947), muskrats living in small lakes
and along rivers may include more animal material in their diets (Johnson 1925, O'Neil
1949, Schwartz and Schwartz 1981). Muskrats have been found to practice size- and
species-selective predation on mussels and clams and have been shown to alter species
2

composition in some areas (Convey et al. 1989, Hanson et al. 1989, Neves and Odom
1989, Jokela and Mutikainen 1995, Tyrrell and Rombach 1998, Zahner-Meike and
Hanson 2001). In other instances, muskrats have been known to destroy mussel beds and
have been implicated in retarding the recovery of, or further threatening, some
endangered mussel populations (Van Cleave 1940, Neves and Odom 1989, Hoggarth et
al. 1995, Zahner-Meike and Hanson 2001).
In Europe, where muskrats are introduced, the extermination of potential natural
predators ( e.g., the European otter, Lutra lutra) has been cited as a factor in the rapid and
widespread colonization of muskrats and subsequent declines in mussels (Zahner-Meike
and Hanson 2001). In North America, river otters are possible muskrat predators (Wilson
1952, Greer 1955), but the interspecific relationship between otter and muskrats is poorly
understood. Otter numbers, however, have declined in many areas over the last century
due to intensive trapping, habitat destruction, and water pollution.

JUSTIFICATION

The Green River Drainage of Kentucky has long been recognized for its mussel
diversity (Ormann 1926). Historically, 2'.: 72 species occurred in the river but recent
surveys identified only 53 species (Cicerello 1999), 14 of which were listed as
endangered, threatened, or of special concern. Although diversity was still relatively
high, it was unknown whether recruitment rates were adequate for population
sustainability (Layzer et al. 2001). Muskrats also inhabited the Green River as evidenced
by numerous feeding sites, or 'middens', comprised of mussel shells along the banks.
Given the declining diversity of mussels and the potential impacts of muskrat predation
3

in the Green River, gaining a better understanding of the ecological relationship between
these species is vitally important.
Beginning in the late 1970s, many states initiated otter restoration programs.
Where post-release monitoring occurred, long-term survival and reproduction of the
reintroduced populations generally has been high (Serfass et al. 1993, Johnson and
Berkley 1999). Consequently, otters occupy at least portions of their former range in
every state except New Mexico, and otter populations continue to expand into previously
unoccupied habitat. A river otter reintroduction has been proposed for the Green River
within Mammoth Cave National Park (MCNP). Anecdotal observations elsewhere
suggest that the reintroduction of river otters dramatically reduces muskrat populations,
which, in tum, may reduce the number of mussels consumed by muskrats. For example,
the number of muskrats observed during wood duck (Aix sponsa) spotlight surveys on the
Holston River in Tennessee declined >95% between 1990 and 2002, during which time
otters were reintroduced to the area (B. Minser, The University of Tennessee,
unpublished data). Trappers and mussel researchers also noted declines in the number of
muskrats and mussel middens after otter restoration along rivers in Tennessee including
the Obed, the Big South Fork of the Cumberland, and the Hiwassee (B. Anderson,
Tennessee Wildlife Resources Agency, unpublished report). Despite those reports, the
impacts of otter introduction on mammals, particularly muskrats, have not been studied,
and the mechanism resulting in those purported muskrat declines is unknown. Muskrats
are known to undergo dramatic population fluctuations (Errington 1963), and it is
possible that the observed muskrat declines were due to alternate factors, such as changes
in habitat or disease. Although otters are known to prey on muskrats (Wilson 1952,
4

Greer 1955), it is unknown whether the level of predation is sufficient to have a
significant impact on muskrat populations or if other interspecific relationships, such as
displacement or competitive exclusion, exist that would account for muskrat population
changes.

APPROACH AND OBJECTIVES

The overall goal of this study was to determine the effects of river otter
reintroduction on muskrat and, in turn, mussel communities. The general research plan
was to establish baseline information on mussels, muskrats, and river otters prior to otter
restoration, relocate otters, and then monitor any resultant changes in muskrat and mussel
populations. An important component of this study also was to document existing
ecological relationships between the species before otter restoration. Finally, research
techniques used to monitor the animals needed to be assessed for their sensitivity to
detect changes due to otter introduction. Researchers with the Tennessee Cooperative
Fishery Research Unit (TCFRU) were also conducting investigations into the
demographic effects of muskrat predation on mussel populations on the Green River.
Stemming from those needs, specific objectives of my portion of the study were
to:
1) examine the predator-prey relationship between muskrats and mussels;
2) determine if otters were present within MCNP and establish a baseline index
from which future population changes can be monitored; and
3) develop a monitoring protocol for and establish baseline information on
muskrat populations on the Green River.
5

My thesis addresses those objectives in 3 chapters. Chapter ill reports results of
research to determine the ecological relationships between muskrats and freshwater
mussels. Techniques including radio telemetry, stable isotope analysis, and GIS habitat
modeling are used to characterize muskrat movements, diets, and habitat use prior to
river otter introduction. In chapter IV, I present results from scent-station surveys for
river otters, and chapter V investigates the efficacy of spotlight surveys for monitoring
riverine muskrat populations. I then summarize my conclusions and make
recommendations for the next stages of the research project.

6

CHAPTER II
STUDY AREA
GENERAL

My study area was the Green and Nolin rivers within MCNP. The Park
encompassed 21,450 ha of Edmonson, Hart, and Barren counties in south-central
Kentucky (Fig 1). MCNP was established in 1941 to protect the world's longest known
cave system with >580 km of cave passages explored and mapped. Four major
ecosystems were recognized within the park: a forest-based terrestrial ecosystem, an
aquatic system based on the Green River, a terrestrial cave ecosystem, and an aquatic
cave ecosystem (Woodman and Thomas 2003). Because of the Park's exceptional
natural features, habitat for threatened and endangered species, and historic and
archeological significance, MCNP was designated as a World Heritage Site in 1981 and
an International Biosphere Reserve in 1990. MCNP received >1.8 million recreation
visits per year. Popular activities included cave tours, hiking, camping, canoeing, fishing,
horseback riding, and picnicking.

GEOLOGY

MCNP is part of the south-central Kentucky karst region that stretches north to
Indiana, east to the Cumberland Plateau, south to Georgia, and west to the Ozarks. This
area is typified by a lack of surface streams, numerous sinkholes, and subterranean cave
formations. The terrain within MCNP is characterized by rolling hills and valleys and is

7
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Fig. 1. Study area on the Green and Nolin rivers in Mammoth Cave National Park,
Kentucky, 2002-2004.
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bisected east to west by the Green River, which defines the hydrologic base level. North
of the river an alternating series of limestones and insoluble rocks are exposed
resulting in rugged topography. South of the Green River, the limestone is capped by
insoluble sandstone and shales, allowing the formation of the caves, for which the park is
known. Generally, perennial surface streams are limited in extent and the area is well
drained except for isolated sinkholes, upland swamps, and short spring runs (Woodman
and Thomas 2003).

CLIMATE

The climate of south-central Kentucky was temperate with mild winters and hot,
humid summers. Average high temperatures ranged from 6.2° C in January to 30.9° C in
July, and average monthly low temperatures ranged from -4.7° C to 17.9° C in January
and July, respectively. Annual precipitation averaged 132. 7 cm and mean monthly
precipitation ranged from 8.0 cm in October to 13.3 cm in March. Snowfall has been
recorded from November to April and averaged 36.1 cm annually (National Park Service
2004).

RIVERS

The Green River and its associated tributaries drain a basin approximately 3,500
km2 in size in west-central Kentucky and north-central Tennessee (Fig. 2). The Green
River Basin is the largest drainage basin in Kentucky covering nearly one-third of the
state, and is the second largest southern tributary of the Ohio River. The river flows 580

9
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Fig. 2. Extent of the above ground drainage network of the Green River Basin, Kentucky.
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km from its source south of Danville, Kentucky to where it joins the Ohio River near
Evansville, Indiana. The river varies in width from a few meters in the upstream portions
to about 150 m near its confluence. Natural flow regimes were altered over the course of
the river. During the 1830s, a series of 6 low-head dams was built along the lower to
middle sections of the river (Crocker 1976). Additionally, the U. S. Army Corps of
Engineers built the Green River Dam near Greensburg, Kentucky in 1969. This dam
impounded approximately 12,950 surface ha of water for flood control, water supply, and
recreational purposes. The dam changed the natural hydrology of the Green River by
lowering peak discharges, but prolonging periods of moderately high discharge that
occurred from fall to late spring or mid-summer (Hardison and Layzer 2001).
MCNP was located within the Upper Green River Drainage. Approximately 40
km of the Green River and 10 km of the Nolin River were encompassed by the park. The
Green River averaged 60 m in width and 3 m in depth and was characterized by steep
banks and narrow alluvial floodplains. River level was controlled by the Green River
Dam approximately 160 km upstream of the park boundary. Within MCNP, the Green
River transitioned from a free-flowing oligotrophic river in the upstream areas to an
impounded mesotrophic river in the downstream reaches due to the influence of Lock and
Dam #6, located just downstream of the national park boundary. Flow on all 10 km of
the Nolin River within the park was also retarded. Winter and spring flooding was
common and water levels have fluctuated >4 m at the Green River Ferry gage station in a
single day.

11

FLORA

MCNP was located within the Shawnee Hills section of the Interior Low Plateau
Physiographic Province, and was mostly forested (Woodman and Thomas 2003). This
area is a transition zone between the drier oak-hickory region to the west and the mixed
mesophytic forest region to the east and north. MCNP contained a high diversity of plant
species with > 1 ,200 species of flowering plants, including 84 species of trees. Vegetation
within the park was mostly comprised of second growth forests, and small areas of old
growth. Approximately 45% of MCNP was fields and pastures prior to park
establishment. Those old fields were largely dominated by eastern red cedar (Juniperus
virginiana) and Virginia pine (Pinus virginiana). Upland sites generally consisted of

oak-hickory forest, whereas in moist hollows, beech-maple-tulip poplar forest dominated.
Eggert's sunflower (Helianthus eggertii) was a federally listed species found within the
park.
Along the Green River and Nolin River floodplains, common trees included
cottonwood (Populus deltoides), sycamore (Platanus occidentalis), river birch (Betula
nigra), box elder (Acer negundo), and American elm (Ulmus americana). Vernal herbs

were scarce along the floodplain because of silt deposits from winter flooding.

FAUNA

MCNP harbored an assemblage of animal species typical of eastern deciduous
forests as well as species unique to the cave environment and river system. With > 1 30
species frequenting the cave system, MCNP had among the most diverse cave biota in the
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world (Culver et al. 2000). Over 200 species of birds, >30 species of mammals, and >60
species of reptiles and amphibians were known to exist in the park.
The Green River was ranked as the 4th most diverse river in the world with 151
fish species, 71 species of freshwater mussels, and a diverse benthic macroinvertebrate
community. Along the Green River, furbearers including muskrats, beaver (Castor
canadensis), raccoon (Procyon lotor), and mink were common. Federally listed

threatened or endangered species found within MCNP included the Indiana bat (Myotis
soda/is), gray bat (Myotis grisescens), bald eagle (Haliaeetus leucocephalus), Kentucky

cave shrimp (Palaemonias ganteri), and rare dragonflies and beetles. Additionally, the
Green River contained 6 species of endangered mussels (Obovaria retusa, Pleurobema
plenem, Pleurobema clava, Epioblasma torulosa biloba, Cyprogenia stegaria, and
Hemistena lata) and an endangered fish, the crystal darter (Crystal/aria asprella).
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CHAPTER III
ECOLOGICAL RELATIONSHIPS BETWEEN MUSKRATS AND
FRESHWATER MUSSELS ON THE GREEN RIVER, KENTUCKY

INTRODUCTION

Developing a more complete understanding of the ecological relationship between
muskrats and mussels is critical in light of the declines in native freshwater mussel
populations. Researchers have documented the negative impacts of muskrat predation on
some freshwater mussel populations (Convey et al. 1989, Neves and Odom 1989, Jokela
and Mutikainen 1995, Zahner-Meike and Hanson 2001). In those studies, reseachers
reported that muskrat predation was selective, varied between seasons and years, and
differed within and between streams; but none concurrently studied the muskrat
population to determine what factors affected predation level. Muskrat food selection has
been found to depend on an array of factors including diversity, abundance, density,
accessibility, and seasonal value of food types; muskrat movements; necessary energy
intake; individual muskrat tastes and habits; and predator avoidance (Butler 1940;
Errington 1941; Takos 1947; Perry 1982; Lacki et al. 1990; Campbell and MacArthur
1994, 1996a, b). For example, some studies have suggested that muskrats only resorted
to animal material when preferred vegetation was lacking (Sather 1958). Other field
studies and feeding experiments on captive muskrats suggested that animal material was
eaten even when vegetation is abundant (Ching and Chih-Tang 1965, Campbell and
MacArthur 1996b). Any or all of those factors could contribute to muskrat predation on
mussels. Therefore, information on the movement, mortality, feeding ecology, and
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distribution of muskrats on the Green River should add to our understanding of the
relationship between the species.
Home ranges of muskrats have been found to vary in response to many aspects of
habitat quality, including food availability (Brooks 1980). In marshes where preferred
foods were abundant, muskrats seldom traveled far from their den sites and restricted
movements to protective cover (MacArthur 1978, Lacki et al. 1990). As food availability
or quality decreased, muskrat movements increased, as did their potential exposure to
predators. Therefore, home-range size could serve as an indicator of the habitat quality
for muskrats on the Green River. Also, determining causes of mortality should help to
determine predation pressures.
Whereas many studies have noted muskrat predation on animal material (e.g.,
clams, mussels, fish, crabs, crayfish, and muskrat flesh), few studies have quantified the
relative importance of this resource in muskrat diets (O'Neil 1949, Ching and Chih-Tang
1965). Of those studies that quantified muskrat use of animal matter, analysis of stomach
contents or observations of muskrat foraging behavior were used. Researchers have used
stable isotope methodology to explore predator-prey relationships including rodent
predation on seabird eggs (Hobson et al. 1999, Drever et al. 2000), wolf (Canis lupus)
predation on salmon (Orchorynchus spp.; Szepanski et al. 1999), mink predation on
salmon (Ben-David et al. 1997 b), and marten (Martes americana) predation on salmon
and rodents (Ben-David et al. 1997a). Stable isotope methodology for diet studies is
based on the premise that isotopic ratios of heavy to light elements (e.g., 1 3 C/ 1 2 C, 1 5N/1 4N,
34

S/32S, 1 80/ 160, 2Hl 1 H) in animal tissue reflect those of their diet (DeNiro and Epstein

1978). Ratios of common elements enter food webs at the primary producer level with
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signatures characteristic of various biogeochemical processes (Peterson and Fry 1987).
Stable isotope analyses quantify the atoms of food that have been assimilated and
incorporated into consumer tissues and, thus, can be used to reveal the nutritional
importance of a food resource. With each trophic transfer, tissues of a consumer are
enriched or depleted in isotopic ratios relative to prey items, a process known as
fractionation. Assimilation and metabolic pathways that lead to fractionation differ
among animals and can cause stable isotope ratios of different tissues to vary within an
animal and among species (Gannes et al. 1997).
Nitrogen (

1

1

5N; 4N)

and carbon ( 1 3C / 1 2C) are the most widely used isotopic ratios

for identifying diet sources. Nitrogen stable isotope ratios provide information on trophic
level. For each trophic transfer the heavier 15N isotope bioaccumulates due to the
preferential loss of 14N during excretion (Peterson and Fry 1987). If enrichment in 15N
from plants to herbivores to carnivores is constant, linear, and predictable, it can be used
to determine the extent of carnivory in consumer diets (Ambrose 2000). On average,
nitrogen isotopes increase by 3 to 3 .4%0 for each trophic transfer, but enrichment has
been found to vary from 1.3 to 5.7%0 for different animals and diets (Ambrose 2000).
Carbon stable isotope ratios reflect the origins of nutrients at the primary producer level
and remains relatively unchanged with each trophic transfer tsl %0), making it a useful
index of assimilated diet (DeNiro and Epstein 1978). Carbon ratios are known to differ
between plants exhibiting different photosynthetic pathways (i.e., C3, C4, and
Crassulacean acid metabolism), and between marine and terrestrial systems (Peterson and
Fry 1987). In freshwater systems, submerged aquatic plants are generally enriched in 13 C
relative to terrestrial species (LaZerte and Szalados 1982) and thus, C ratios can be used
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to track the diet of a semi-aquatic species that consumes plants of both terrestrial and
aquatic origin, such as the muskrat. Finally, combining 2 or more isotopes provides
better resolution in the reconstruction of food webs and feeding relationships.
Stable isotope analysis has several advantages over more traditional forms of
dietary analysis. Because of differential digestibility of plant and animal materials, the
importance of meat in animal diets can be underestimated using stomach and fecal
analyses (Hilderbrand et al. 1996). Unlike single samples of stomachs or feces that
reflect short-term diet and do not take seasonal dietary variation into account, stable
isotopic ratios reflect assimilated rather than recently digested foods. Furthermore,
different tissues from the same animal can provide dietary information representing
different time spans (Hobson et al. 1999). Body tissues differ in their metabolic activity
and turnover rate, the time it takes a tissue to reflect the isotopic composition of a new
diet, varies accordingly (DeNiro and Epstein 1978). For example, C isotope turnover
rates were highest in liver, intermediate in muscle, and longest in tissues such as hair,
bone, and connective tissue with half-lives ranging from 6.4 to 47.5 days, respectively
(Tieszen et al. 1983).
Food is only 1 component of habitat. Geographic information system (GIS)
habitat modeling has been widely applied to quantify the multi-dimensional nature of
species/habitat relationships. GIS coupled with multivariate statistical techniques allows
incorporation of multiple habitat variables to identify areas of greatest habitat use by an
animal (Brooks 1980, Clark et al. 1993) or predict locations of species or phenomena
(Swimley et al. 1998, Mensing et al. 2000). Combining information on distribution of
muskrats and middens should help decipher where predation occurs and whether it occurs
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in proportion to muskrat habitat use. Whereas many researchers have used GIS to
investigate feeding ecology, few have combined the use of stable isotopes and GIS to
elucidate ecological phenomena (e.g., Romanek et al. 2000). By combining stable
isotope analysis with habitat modeling techniques it may be possible to determine
whether areas of greater muskrat habitat use and mussel predation correspond to the
prevalence of mussels in muskrat diets.
The objectives of this portion of my study were to (1) use radio telemetry to
examine muskrat home ranges and causes of mortality, (2) apply stable isotope analysis
to establish the relative importance of mussels in muskrat diets; (3) construct GIS models
to characterize muskrat habitat use and the sites of mussel middens and determine the
relationship between the 2; and (4) combine stable isotopes and GIS to investigate spatial
characteristics of muskrat predation and determine whether mussels influence muskrat
habitat use.

Hypotheses

1) H: Habitat quality for muskrats is high and, as a result, home ranges of muskrats
should be small.
2) H: Mussels constitute a significant proportion of muskrat diets on the Green
River, and muskrat predation on mussels is a general phenomenon in the muskrat
population.
3) H: Mussels are an important food resource, and areas of high muskrat habitat use
correspond to areas where middens are likely to be found.
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4) H: Muskrats from areas with high habitat use have a higher proportion of their
diet composed of mussels if predation on mussels is influencing muskrat habitat
use.

METHODS
Muskrat trapping and handling

I trapped muskrats from June to August 2002 and from January to August 2003. I
restricted trapping efforts to the free-flowing section of the Green River between the
upstream national park boundary and Sand Cave Island. I used colony traps (Sterling Fur
Company, Sterling, Ohio), box traps (Tomahawk Live Traps, Tomahawk, Wisconsin),
dip nets, and snares (The Snare Shop, Carroll, Iowa) to capture animals. I placed colony
traps and box traps in areas of high muskrat activity such as den entrances, feeding
platforms, shell middens, and logs along the river's edge. To allow for widely fluctuating
water levels, many traps were secured to floats. I used a commercial muskrat lure in
combination with apple, carrot, parsnip, cabbage, potato, or clam bait. I covered traps
with vegetation to provide protection for captured animals, and to help camouflage the
traps (Erickson 1963). During summer 2003, I also employed snares to capture muskrats.
Snares were 76.2-cm long and constructed of 7 x 7-strand, 0.12-cm cable. The snares
were equipped with stops, mini locks, and swivels to prevent drowning and strangulation
of captured muskrats. I staked snares in den entrances and along travel lanes. Between 3
and 26 ( x = 15) traps were set nightly and checked just after sunrise. I inactivated traps
on nights when the river level was expected to rise >0.5 m.
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Additionally, I used a spotlighting and dipnet method to capture muskrats. This
method was effective in capturing muskrats in Utah marshes with little or no trauma to
the animals (McCabe and Elison 1986). Dipnet captures were made by boat in
conjunction with spotlight surveys. When a muskrat was sighted, a spotlight was trained
on it, and I attempted to capture the animal in a dipnet. Upon capture, I transferred the
animal to a handling cage for processing.
All captured muskrats were handled according to protocols approved by the
University of Tennessee Office of Laboratory Animal Care (IACUC #1186). Juvenile
muskrats were not immobilized but were handled at the capture site. I transported
captured adult muskrats to an indoor facility for immobilization and recovery. I
immobilized adult muskrats with a combination of ketamine hydrochloride (K.etaset,
Bristol Lab., Syracuse, New York) and xylazine hydrochloride (Rompun, Haver
Lockhart, Inc., Shawnee, Kansas) at dosages of 50 mg/kg and 5 mg/kg, respectively
(Sleeman et al. 1997). Because of 2 muskrat deaths possibly related to immobilization,
those dosages were reduced to 20 mg/kg and 2 mg/kg during the 2003 field season. I
intramuscularly injected muskrats with a 1-ml hand-held syringe. After immobilization,
a wetting agent was applied to the muskrats' eyes to prevent desiccation. Throughout
immobilization, I monitored body temperature of the muskrats with a rectal thermometer
at 10-minute intervals and continually monitored breathing. After handling was
completed, I transferred the muskrat to a handling cage where it remained until effects of
the ketamine and xylazine had completely worn off. I then released the muskrat at the
capture site.
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I determined sex of each animal by noting the presence or absence of a penis in
the urethral papilla, measuring the length of the perineum, and inspecting the presence of
hair over a portion if this area (Dozier 1942, Baumgartner and Bellrose 1943). In the
male the perineum is long and covered with hair; in the female it is shorter and the
anterior portion is hairless (Dozier 1942). I weighed each animal with a spring scale, and
muskrats <800 g in mass were considered juveniles. I also inspected the condition of the
vaginal orifice in females and the shape of the penis in males to determine age and
reproductive status (Baumgartner and Bellrose 1943).
I took measurements of body, tail, and hind foot length for each muskrat. A
numbered monel ear tag (National Band and Tag Co., Newport, Kentucky) was placed in
each ear. I collected scat samples when possible. Hair and toe clip samples were also
taken and frozen for later analysis.

Telemetry
I used radio telemetry to establish information on muskrat movement and causes
of mortality. Adult muskrats received a Telonics, Inc. (Mesa, Arizona) radio transmitter
(Model 080 or 075) with mortality sensor. The transmitter was housed in a protective
polymer casting and attached to a 1.9-cm wide nylon collar with a total mass of 45 to
50 g. A whip antenna was trimmed to an appropriate length for each animal. I used
telemetry to monitor survival; therefore, collars remained on the animals until death.
I monitored radio-collared animals daily and collected locations during both day
and night. Animals were located from a boat using a handheld H-style antenna and a
portable receiver (TR-4, Telonics Inc., Mesa, Arizona). For each location I tracked the
22

muskrat until visual contact was made or I was able to pinpoint the animal to a den site.
The coordinates of the location were then recorded using a global positioning system
(GPS) receiver (Garmin Etrex Venture, Olathe, Kansas; error <15m). I determined home
ranges by measuring the length of streamcourse between the extremes of each muskrat's
movements (MacArthur 1978). When a mortality signal was received, I made an effort
to recover the muskrat carcass and determine cause of death.

Spotlight surveys

To establish muskrat locations, estimate relative densities, and obtain baseline
population data, I conducted spotlight surveys on 4 occasions during July and August
2002 and biweekly from January to August 2003 on an 18-km stretch of the Green River
between the upstream national park boundary and Sand Cave Island (Fig. 1). Surveys
were conducted by two observers, each scanning the banks and river channel with 1million candlepower spotlights. Counts were made from a boat traveling at a constant
speed of 8 km/hr. I began surveys just after dark when banks were easily visible in the
spotlight beam. I did not conduct surveys on rainy nights or when fog obscured the
riverbanks. I recorded each muskrat location with a GPS receiver and noted the time and
activity (e.g., swimming, feeding, mating) of animals seen. Sightings of various other
mammals were also recorded.

Mussel surveys

I recorded the locations of mussel middens during a period of low water during
May 2002. Middens were composed of both the Asiatic clam (Corbiculafluminea) and
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native unionid mussels. Additional midden collections were carried out by TCFRU.
Researchers searched the riverbanks for native unionids exhibiting signs of muskrat
predation. They recorded information on species, length, and location for each mussel
collected.

Stable isotope analysis

Sample collection and preparation. I collected muskrat hair samples in 2002 and

hair and toe clip samples in 2003 for stable isotope analysis. Hair is metabolically inert;
thus, isotopic signatures reflect the period during which the hair was grown (Hilderbrand
et al. 1 996). Adult muskrats molt annually with hair replacement occurring at all times of
the year except the time period of intensive breeding activity (Ling 1 970). Neonate
muskrats are nearly naked and develop a covering of hair by day 10, which continues to
thicken until day 40 (Ling 1970). Toe samples contained several tissues including bone,
muscle, and nail that have relatively long turnover times and represent a period 2:1 month.
Muskrat prey species were also collected for analysis. I gathered plant species
that were frequently encountered at muskrat feeding sites or showed other signs of
muskrat predation. Those included an aquatic species, rice cutgrass (Leersia oryzoides),
and more terrestrial species including smartweed (Polygonum sp), clearweed (Pilea
pumila), and river oats (Chasmanthium latifolium). Nitrogen stable isotope signatures of

mussels have not been found to significantly vary by species (Vander Zanden et al.
1 997); therefore, I used the non-native C. fluminea to represent bivalve prey. C. fluminea
were collected from the riverbed within the study area. I dissected adductor muscles
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from 5 to10 specimens and used this composite sample for analysis. All tissues (muskrat,
C. fluminea, and vegetation) were frozen until preparation for analysis.
Laboratory analyses. I dried all samples at 50-55°C for 48 h. Samples were then
sent to the Alaska Stable Isotope Facility at the University of Alaska Fairbanks for stable
isotope analysis. There they ground vegetation with a mortar and pestle and ground the
toe and bivalve samples to a fine powder using a Wig-L-Bug grinder (Crescent Dental
Co., Chicago, Illinois). The hair samples were clipped, but not otherwise processed. The
13

C/12C,

15N/ 1 4N

ratios of muskrat, C. fluminea, and vegetation samples were determined

in duplicate using Elemental Analysis-Isotope Ratio Mass Spectrometry (EA-IRMS).
This method used a Carlo Erba Elemental Analyzer (NC2500), and ThermoFinnigan
MAT Conflo ID interface with a Deltaplus:xp Mass Spectrometer (Thermo Electron Co.,
San Jose, California). The combustion reactor consisted of a reaction tube packed with
chromium oxide and silver/cobalt oxide. The reduction tube was packed with reduced
copper wire.
A homogenous sample was weighed and placed in tin capsules. The capsules
were then closed and placed in the EA autosampler where they were combusted. The N2
and CO2 combustion gases were chromatographically separated and then transferred to
the IRMS, where the isotopes were measured. The natural abundance of 13C and

1

5N

were expressed in standard o notation, where signatures are expressed as the ratio of
heavy to light isotopes (13Cl1 2C, 1 5N/ 4N) and then reported as the ratio of the sample to
1

international isotope standards by the equation:

8X

=( R

saiq>te -

Rstandard

25

1) X 1,000 ,

where Xis the heavy isotope of interest and R the ratio of the heavy to light isotope.
Isotope standards for 5 1 5N and 5 1 3 C were atmospheric N and PeeDee Belemnite
carbonate, respectively.
The quality control scheme involved analyzing tin capsule blanks and laboratory
working standards. Blanks were analyzed every 20 samples and working standards were
analyzed every 10 samples. Laboratory working standards were compared twice
annually to National Institute of Standards and Technology standards to confirm quality
assurance.
Dietary analyses. Statistical analyses were performed on the raw isotopic values

(5 1 5N and 5 1 3C). In some circumstances, multiple muskrats were captured at the same
location. If animals captured near each other tend to have the same value for a variable,
those animals are spatially autocorrelated for that attribute which can bias variance
estimates (Thomson et al. 1996). I calculated Moran's I and Geary's C tests to assess
spatial autocorrelation of 5 1 5N and 5 1 3C values using an ArcView GIS ® (Environmental
Systems Research Institute, Redlands, California) script (Lee and Wong 2001). Spatial
autocorrelation tests were performed based on randomization and were weighted as the
inverse of distance (Lee and Wong 2001 ). Distance between captured animals was based
on river distance rather than straight-line distance.
I used Hotelling's T test (NCSS 2001 , Kaysville, Utah) to determine if stable
isotope values for hair and toe samples differed. I employed multivariate analysis of
variance (MANOVA) to compare 5 1 5N and 5 1 3C results for muskrats by age, sex, and
year (Proc GLM; SAS Institute, Cary, North Carolina). I checked the assumptions of
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MANOVA including multivariate normality of residuals and equal variance. Because
stable isotope values for toe and hair samples represent dietary integration over different
time periods, the level of correlation of o 1 5N between hair and toe samples and o 13C
between hair and toe samples reveals the level of consistency in isotopic diets over the
time periods represented (Hobson et al. 1999). Thus, I applied linear regression to
investigate the correlation between hair and toe samples for N and C. I also used linear
regression to determine if a relationship existed between juvenile mass and o 1 5N values
for hair and toe samples.
I used 2 methods to analyze the relative importance of mussels in muskrat diets: a
mixing model and trophic position estimation. Linear mixing models are used to
determine the proportional contributions of several sources to a mixture (Phillips and
Gregg 2001). The isotopic ratios for consumer tissues are compared with those of the
prey items to give an idea of the relative importance of a prey item in a consumer's diet
(Phillips 2001). Two food sources can be partitioned using 1 element, and 3 sources can
be partitioned using 2 elements (e.g., o 13C and o 1 5N) according to the equations:

o 13 CD =/A o 13 CA +fa o 13 Ca +le o 13 Ce;
f, 1 sND =/A f, 1 sNA +fa f, 1 sNa +le f, 1 sNe; and
l = /A +fa + fe..
where o 13C and o 1 5N are isotopic ratios from consumers and prey; A, B, C, and D
subscripts represent 3 food sources and the consumer, respectively; and/represents the
fractional contribution of each food source to the consumer's diet (Phillips 2001).
Use of a linear mixing model is based on the assumption that C and N isotopes
from all dietary sources are completely homogenized in the consumer's body prior to
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tissue synthesis and, thus, the isotopic composition of an animal's tissues equals the
weighted average of the isotopic composition of the constituents of its diet (Gannes et al.
1997, Phillips and Koch 2001). However, that is generally not the case because isotopes
contained in different dietary components are differentially routed to specific tissues.
That results in isotopic signatures reflective of the nutrient component of the diet from
which the tissue was synthesized rather than the isotopic composition of the bulk diet
(Gannes et al. 1 997). The problem is most acute when C and N concentrations greatly
differ between food sources and is most often encountered in animals with an
omnivorous diet (Gannes et al. 1997, Phillips and Koch 2001). The concentration ofN in
C. fluminea tissues was greater than that in the plant samples in my study, so I used a
concentration-weighted linear mixing model to help account for differential
concentrations. Calculations of the model assume that for each element, a source's
contribution is proportional to the contributed mass times the elemental concentration in
that source; the model's use is recommended whenever elemental concentrations
substantially vary among prey sources (Phillips and Koch 2002).
To apply mixing models, all important dietary prey sources should be measured,
and the isotopic value of a consumer must fall within a mixing triangle delineated by a
bivariate plot of the o 1 3 C and o 1 5N signatures of the prey items (Phillips 2001). The use
of mixing models also requires that all prey types are significantly different in bivariate
space (Ben-David et al. 1 997a, b). I used K nearest-neighbor and randomization tests to
determine if o 1 3 C and o 15N signatures of muskrat prey items were different (Rosing et al.
1998). The K nearest-neighbor test was performed by dividing prey items into clusters of
similar isotope values. I then applied pair-wise randomization tests based on 10,000
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Monte Carlo simulations to examine whether prey group clusters were different in a
multivariate framework using Hotelling's T test statistic with Bonferroni procedures
(O'overall

= 0 . 0 5 , Ofndividual = 0 . 0 5/3 ).
Muskrat food items were divided into 3 groups based on o 13C and o 1 5N

signatures: terrestrial plants, aquatic plants, and animal matter. I adjusted the o 13C and

o 1 5N values of food items to correct for fractionation. The corrected values represent the
o 13C and o 1 5N values that would be expected if the muskrat fed exclusively on that food
type (Drever et al. 2000). Based on controlled feeding trials of rats and mice, I used
fractionation factors of +1%o for o 13C and +3o/oo for o 1 5N (DeNiro and Epstein 1981,
Minagawa and Wada 1984, Ambrose 2000). I performed calculations of the
concentration-weighted linear mixing model using the spreadsheet ISOCONC 1.01
(Phillips and Koch 2002).
Many studies have used the consistent enrichment of o 1 5N signatures between
predator and prey to determine the trophic position of consumer organisms (DeNiro and
Epstein, 1981, Vander Zaden et al 1997, Jacoby et al. 1999). The trophic position of the
consumer can be calculated as
P OSl't·lOn

=

'\
I\

5 1 sN

sN

secondary conswner -01
base
+ ---------,
Li n

where A is the trophic position of the organism used to estimate o 1 5Nbase (e.g., A= 1 for
primary producers), o 15Nsecondary consumer is measured, and An is the enrichment in 0 1 5N per
trophic level (Post 2002). When analyzing trophic position of relatively long-lived
consumers, o 1 5Nbase should capture the temporal variation in o 1 5N of primary producers
and integrate the isotopic signature at a time scale near that of the consumer (Post 2002).
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Several studies have used filter-feeding bivalves (i.e., unionids, C. fluminea, and
Dreisena polymorpha) as baseline primary consumers in aquatic environments (Cabana

and Rasmussen 1 996, Vander Zaden et al. 1996, Post 2002). C. fluminea live for
approximately 2 years, comparable to the average lifespan of a muskrat, and are preyed
upon by muskrats. Therefore, I used the o 15N signature of C. fluminea as the baseline
consumer from which to measure the trophic level of muskrats in the Green River (i.e., X.
= 2). A literature review of fractionation estimates for both aquatic and terrestrial
organisms indicated that the mean trophic fractionation of o 15N was 3.4%0 (Post 2002),
and I used this value as the estimate of .!\n . Using the equation and those values, I
calculated trophic position of muskrats from stable isotope results of hair and toe
samples.

Habitat analysis

Training locations and habitat variables. I developed predictive habitat models

for muskrats and mussel middens on the Green River. "Training" locations are
incidences of known occurrence for a species or phenomena (Thompson et al. 2004). I
used observations of muskrats made during spotlight surveys and the locations of mussel
middens from a May 2002 survey as training locations for the 2 models.
The creation of habitat models of muskrat and mussel midden occurrence posed
certain challenges and limitations due to the linear (I-dimensional) and aquatic nature of
the study area. In contrast, most GIS models are constructed for 2-dimensional areas and
are able to incorporate site-specific habitat variables developed from land-use and digital
elevation model (DEM) coverages (e.g., Clark et al. 1993, van Manen et al. 2002). Thus,
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I needed to develop variables that would reflect the complex features of the river channel
to which muskrats and mussels would most likely respond.
Brooks (1980) developed a habitat model based on bank slope, number of islands,
number of coves, river classification (riffle/run/pool), percentage of open land, and
percentage of forest land to predict the occurrence of muskrat dens on rivers in
Massachusetts. Other researchers have identified additional features as important for
stream-dwelling muskrats including river width, channel depth, soil type, current
velocity, stream substrate, and plant cover (Errington 1937, Gilfillan 1947, Nadeau et al.
1995). Additionally, studies using GIS models in riverine systems have used digital
maps of bathemetry, velocity, and hydrodynamics to delineate fish habitat use {Tiffan et
al. 2002, Zigler et al. 2003). Those coverages were not available for the reach of the
Green River within MCNP, thus I had to develop surrogate habitat variables to represent
river-channel complexity. I developed 6 habitat variables (data layers) to incorporate into
the model {Table 1) at a resolution of 10 x 10 m. I constructed the habitat models for the
18 km of relatively free-flowing river beginning at the MCNP boundary where mussel
species are most diverse (J. Layzer, TCFRU, personal communication).
Habitat Modeling. I used a multivariate statistic, Mahalanobis distance (U), for

the habitat analyses. Mahalanobis distance is a measure of the statistical difference of a
given location from an "ideal" based on training locations (Rao 1952, Clark et al. 1993).

d was calculated for each pixel of the study area by combining information from the
data layers based on the equation
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v,)

Calculated using ArcView Animal
Movement Extension (Hooge and
Eichenlaub 1997)
Calculated from elevation with SLOPE
command and window analysis
Calculated from river boundary layer
Calculated from MCNP hydrology layer

0.68-0.99

0-60.58
0-2,000
0-2,300
0 or 1

Curvilinearity of 1-km river stretches

Greatest bank slope value within 100-m
diameter area (%)
Distance to nearest island (m)
Distance to nearest tributary confluence (m)
Qualitative variable classifying stretches of
river as riffle or pool

Linearity

Maximum
slope

Islands

Tributaries

Classification

Developed by MCNP hydrologist

Calculated from river boundary layer

Source

10.73-105.23

Value Range

Distance between shorelines (m)

Description

Width

Variable

Table 1. Variables included in the Mahalanobis distance models to predict occurrence of muskrats and mussel middens on the
Green River in Mammoth Cave National Park, Kentucky, 2004.

where ! is a vector of habitat characteristics for each cell in the GIS grid, � is the mean
vector of habitat characteristics of the original training locations, and

f-• is the inverse

of the variance-covariance matrix calculated from the training locations. The
Mahalanobis distance statistic represents the standard squared distance between a set of
sample variables, ! , and "ideal" habitat represented by � . Smaller distance values
indicate conditions similar to those of the original training locations, whereas larger
values represent increasingly dissimilar conditions.
I used the Mahalanobis Distance extension to ArcView (Jenness 2003) to
calculate d values. I randomly selected 25% of muskrat training locations for model
validation and used the remaining points (n = 262) to parameterize the model. All mussel
midden locations from my survey were used for model development. Because GPS error
placed some muskrat and mussel locations slightly outside the river channel, d values
were calculated for the river channel and a 100-m wide buffer on either side.
Model Testing and Comparisons. I constructed cumulative frequency distribution
graphs as indicators of model performance. Those graphs incorporated 3 sets of locations
and their associated d values for each model: (1) training muskrat and midden locations,
(2) validation locations, and (3) randomly generated locations in the study area. I used an
independently collected dataset consisting of 31 locations of muskrat predation on
unionid mussels for validation of the mussel midden model. Similar cumulative
frequency distributions for the training and validation locations would indicate model
consistency, whereas little or no difference between the distribution of training and
random locations would indicate poor model performance (Thompson et al. 2004). I also
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used Student's t-tests to determine whether differences existed between d values of
training and random locations and of training and validation locations.
Based on d values from both the muskrat and midden models assigned to each
muskrat location, I performed simple linear regression to analyze the relationship
between the 2 models. I also examined d values associated with the locations of
captured adult muskrats. As o 1 5N values are a rough index of the importance of mussels
in muskrat diets, I used linear regression to determine if d values and o 1 5N values were
related.
RESULTS
Muskrat trapping

I captured 50 (29M: 2 l F) muskrats from June 2002 to August 2003 (Fig. 3, Table
A. l ). Of the 50 animals, 46 were captured in colony traps or box traps. Capture success
rates varied between seasons and years (Table 2). On 5 occasions, multiple animals (2-4
muskrats) were captured in a colony trap. Two muskrats were successfully captured
using dipnets, although muskrats were netted but escaped before transfer to the handling
cage on 3 other occasions. One animal was captured in a snare; there were no apparent
injuries from the capture. Of the live-captures, 5 muskrats died during trapping or
handling (10.2%). One previously uncaptured muskrat was found dead in the river.
Thirty-six of the captured muskrats were juveniles, 1 was a sub-adult, and 13 were adults.
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Fig. 3 . Capture sites of muskrats on the Green River, Mammoth Cave National Park,
Kentucky, 2002-2003.
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Table 2. Muskrat trapping summary for the Green River, Mammoth Cave National Park,
Kentucky 2002-2003.
Year

Time period

2002

Captures

Trapnights

Capture rate (%)

24 Jun-15 Aug

15

743

2.02

2003

01 Feb-30 Apr

4

547

0.73

2003

01 May-13 Aug

27

653

4.14
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Telemetry
I placed radio collars on 12 adult muskrats from June 2002 to August 2003 (Table
3). I collected 151 locations, averaging 12.5 locations per animal. Linear home-range
estimates generally increased as the number of radio locations increased due to the small
mean number of locations per animal. The average linear movement for muskrats with
>10 locations was 410 m (SD = 277). Locations were distributed throughout the diel
period with 52% collected in the morning (0600-1000), 23% collected during the day
(1000-1700), and 25% of locations taken at night (1700-0600). Muskrats were often
located in dens during the morning and day (73% and 71% respectively), but less so at
night (43%, 60% overall).
I lost contact with or received a mortality signal from all radio-collared muskrats
within 2 months of capture. I found the bodies of 3 muskrats adjacent to the river with
only the head and entrails present. Aerial predators, most likely owls, were the assumed
cause of death in those cases. I also suspected predation in 3 other cases, but only limited
remains could be located. Additionally, 4 mortality signals were received from within
dens and only 1 of those animals could be recovered. The other 3 animals were
presumed dead, but cause of death was unknown. One animal died <2 days after
handling and, although proximate cause of death could not be determined upon necropsy,
mortality was most likely related to handling. The radio signal of a final animal was lost
and transmitter failure was suspected
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Male

Male

Male

Male

Female

Male

Female

Female

17

18

20

35

36

40

46

47

Unknown

--

1

17-Aug-02

Female

15

Female

Predation

1 30

13

17-Aug-02

Male

14

16

Unknown (in den)

70

5

30-Jun-02

26-Jun-02

Male

01

178
375

8
37
3

28-Mar-03
12-May- 03
-1 8-Jul-03

27-Jul-03

24-Jul-03

1 1-Jul-03

02-Jul-03

O l -Jul-03

29-Mar-03

Unknown (in den)
Unknown (in den)

910
421
179

22
11
17

27-July-03
O l -Aug-03

Predation

Predation by owl

444
22

20-Sep-03

Lost signal
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Predation by owl

Predation by owl

Unknown (in den)

575

7

15-Mar-03

1 1 -Mar-03
25-Mar-03

Unknown

454

5

03-Mar-03

26-Feb-03

15-Aug-02

04-Aug-02

Cause of death

Linear range (m)

# Locations

Mortality date

Capture date

Sex

ID#

Table 3. Linear home-range estimates and causes of mortality for radio-collared muskrats on the Green River, Mammoth Cave
National Park, Kentucky 2002-2003.

Spotlight surveys

I conducted spotlight surveys on 49 occasions from January to August 2003. In
total, I recorded 358 muskrat locations (Fig. 4).

Mussel surveys

I found 47 mussel and C. fluminea middens during my May 2002 survey (Fig. 5).
Researchers from TCFRU collected 1,303 specimens of 23 species during 8 unionid
midden surveys from February 2002 to July 2003 {Table 4). Those mussels were
distributed in 54 midden locations.

Stable isotope analysis

Stable isotope analyses were performed on 49 hair samples and 35 toe samples
from muskrats in MCNP. Results from Moran's I and Geary's C tests revealed that 6 1 3 C
values were spatially clustered and, thus, non-independent (Moran = 0.478, P = 0.002;
Geary = 0.349, P = 0.005), whereas 6 1 5N values were not spatially autocorrelated (Moran
=

0.254, P = 0.077; Geary = 0.678, P = 0.320). I then separated muskrats by age,

randomly selected 1 animal for analysis at sites where multiple muskrats were captured,
and re-ran Moran's I and Geary's C tests on the data sets. Those individuals were no
longer spatially autocorrelated for 6 1 3C for adults and juveniles, respectively (Moran =
-0.053, 0.430; P = 0.910, 0.109; Geary = 0.743, 0.460; P = 0.480, 0.107). Consequently,
all statistical analyses incorporating 6 1 3C or both isotopes were divided into age groups
and conducted on the independent dataset (n = 32).
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Fig. 4. Locations of muskrats observed during spotlight surveys on the Green River,
Mammoth Cave National Park, Kentucky, 2003.
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• Mussel midden location

Fig. 5. Mussel midden locations on the Green River, Mammoth Cave National Park,
Kentucky, 2002.
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Table 4. Unionid mussels collected in muskrat middens on the Green River, Mammoth
Cave National Park, Kentucky 2002-2003.
Number Collected

Species

Actinonaias ligamentina

51

Amblema plicata

113

Cyprogenia stegariaa

14

Cyclonaias tuberculata

34

Elliptio dilatata

74

Ellipsaria lineolata

9

Fusconaia subrotunda

26

Lasmigona costata

1

Lampsilis cardium

2

Leptodea fragilis

172

Obliquaria reflexa

151

Obovaria subrotunda

6

Pleurobema sp.

2

Pleurobema cordatum

11

Pleurobema sintoxia

33
b

Plethobasus cyphyus

4

Potamilus alatus

24

Ptychobranchus fasciolaris

4

Quadrula metanevera

23

Quadrula pustulosa

141

Quadrula quadrula

288

Truncilla truncata

73

Tritogonia verrucosa

47

a Federally listed endangered species
b Kentucky species of special concern
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Stable isotope values of hair samples differed from those of toe samples (T =
21.62, P < 0.001). The 6 13 C values did not differ by tissue (t = 0.083, P = 0.934),
whereas 6 1 5N values differed (t = 3.907, P < 0.001), with hair samples generally enriched
over toe samples. There was a weak relationship between 6 1 5N values for hair and toe
samples taken from the same muskrat (I = 0.26, P < 0.001). I found a stronger
correlation between 6 13C values for hair and toe samples (I = 0.59, P < 0.001) from the
same muskrat. Regarding hair samples, I found an age x year interaction, but no
differences in 6 1 5N and 6 13C values between sexes, ages, or years. For toe samples, I
found no differences in isotope values by age or sex {Table 5). The 6 1 5N values for
juvenile hair decreased with increasing mass (I = 0.229, P = 0.004) and the same general
relationship was found for juvenile toe samples (I = 0.308, P = 0.004). Because isotope
values differed by tissue, and food sources may have differed by age, further dietary
analyses are presented in 4 groupings: adult toe, juvenile toe, adult hair, and juvenile hair.
I measured 6 1 5N and 6 13C values for 5 samples representing muskrat prey items
{Table 6). The K nearest-neighbor test placed prey items into 3 clusters based on isotope
values (Table 7). Randomization tests showed that comparisons of terrestrial plants vs.
aquatic plants and aquatic plants vs. animal matter were significant (T = 356.7, P =
0.015, and T = 426, P <0.001, respectively), and terrestrial plants vs. animal matter
clusters were marginally different (T = 205.9, P = 0.039). Results of those tests
indicated that the prey groups were isotopically segregated and allowed me to use the 3
end-member .mixing model.
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Table 5. MANOVA Wilk's A statistics examining the effects of age, sex, year, and their
interactions on the 8 1 5N and 8 1 3 C values for muskrat hair and toe samples collected on
the Green River, Mammoth Cave National Park, Kentucky, 2002-2003.
Wilks' >,..

p

Age

0.912

0.38 1

Sex

0.989

0.895

Year

0.86 1

0.207

Age x sex

0.934

0.491

Age

x

year

0.563

0.002

Sex

x

year

0.985

0.853

Age

x

sex

0.868

0.227

Age

0.684

0.070

Sex

0.870

0.733

0.942

0.658

Tissue
Hair

Toe

Factor

Age

x

x

year

sex
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Table 6. Stable-carbon and nitrogen isotope values (o/oo) obtained for muskrat prey items
from the Green River, Mammoth Cave National Park, Kentucky, 2002-2003.

X

SD

X

SD

Polygonum

4.5 1

0.001

-33.46

0.359

Pilea

3.76

0. 1 1 9

-35.20

0.21 1

Chasmanthium

3.71

0.202

-32.20

0.01 7

Leersia

3.89

0.048

-14.34

0.4 1 6

C. fluminea

8.69

0.328

-32. 16

0. 148

Sample
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Table 7. Stable-carbon and nitrogen isotope values (%0) and concentration values (%) for
muskrat prey groups from the Green River, Mammoth Cave National Park, Kentucky,
2002-2003.

o 1 5N

Concentration N

Polygonum
Pi/ea
Chasmanthium

3.99

4.02

-33.62

43.75

Aquatic
plants

Leersia

3.90

3.87

-14.34

47.08

Animal
matter

C. jluminea

8.69

1 1 .21

-32. 1 7

49.3 1

Prey group

Samples

Terrestrial
plants
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Concentration C

Average 6 1 5N and 6 13C values for muskrat toe and hair samples fell within the
concentration-dependent mixing triangle delineated by the 3 prey groups (Fig. 6).
Several muskrat 6 1 5N values fell above (2 adult toe) and below (3 juvenile toe samples)
the bounds of the triangle. Average muskrat biomass derived from animal sources was
highest for juvenile hair samples and lowest for juvenile toe samples (Table 8). Animal
matter was estimated as comprising between 11-51% of muskrat diets. The model
ranked aquatic and terrestrial plants of approximately equal importance for juvenile and
adult hair samples, whereas aquatic plants appeared more important based on toe
samples. Trophic level estimates ranged from 1.81 for juvenile muskrat toe samples to
2.48 for juvenile hair samples (Table 9).

Habitat analysis

The Mahalanobis distance models identified areas of greatest habitat use for
muskrats and highest probability of mussel midden occurrence (Figs. 7 and 8). The mean

d for the muskrat training locations was 5.97 (SD = 3.96, range = 1.08-28.88).
Validation locations for this model had a mean d of 5.80 (SD = 3.48, range = 1.2118.69). The d values for the muskrat model training locations differed from the random
locations (T= -3.63, P < 0.001), but validation locations did not differ from training
locations (T= 0.39, P = 0.69; Fig. 9). The mean d for the mussel midden training
locations was 6.01 (SD = 4.23, range = 0.85-19.20). Validation locations for the model
had a mean d of 11.54 (SD = 16.76, range = 1.01-95.07). The d values for the midden
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Fig. 6. Concentration-dependent mixing triangle for muskrats on the Green River, Mammoth Cave National Park, Kentucky,
2002-2003.
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Table 8. Estimated proportion of muskrat diet biomass derived from animal matter,
aquatic plants, and terrestrial plants on the Green River, Mammoth Cave National Park,
Kentucky 2002-2003. Estimates were calculated with ISOCONC 1 .01 (Phillips and
Koch 2002).
Sample
type
Hair

Toe

Age

n

Animal

SD

Aquatic

SD

Terrestrial

SD

Adult

14

0.452

0.239

0.309

0.22 1

0.239

0.042

Juvenile

18

0.505

0.232

0.230

0. 1 73

0.264

0.066

Adult

10

0.279

0. 125

0.462

0. 102

0.259

0.048

Juvenile

12

0. 1 16

0. 143

0.589

0. 1 19

0.295

0.050
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Table 9. Estimated mean trophic level for juvenile and adult muskrat hair and toe
samples from the Green River, Mammoth Cave National Park, Kentucky, 2002-2003 .
Sample
type
Hair

Toe

Age

n

Trophic estimatea

SD

Minimum

Maximum

Adult

14

2.40

0.30

1 .83

2.80

Juvenile

36

2.48

0.30

1 .63

2.77

Adult

10

2. 19

0.20

1 .90

2.59

Juvenile

25

1 .8 1

0.35

1 .29

2.39

Trophic level calculated relative to a known baseline herbivore ( C. jluminea, trophic
level = 2).

a
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Fig. 7. A Mahalanobis distance model to predict the occurrence of muskrats on the Green River, Mammoth Cave National Park,
Kentucky, 2004. Lower Mahalanobis distance values indicate more favorable habitat. .
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Fig. 8. A Mahalanobis distance model to predict the _occurrence of mussel middens of the Green River, Mammoth Cave National
Park, Kentucky, 2004. Lower Mahalanobis distance values indicate more favorable habitat.
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Fig. 9. Cumulative frequency distributions of Mahalanobis distance values for muskrat, validation, and random locations, Green
River, Mammoth Cave National Park, Kentucky, 2004.
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model training locations differed from the random locations (T = -3.78, P < 0.001), but
validation locations did not differ from training locations (T = -1.79, P = 0.08; Fig. 10).
The d values obtained for muskrat locations from the muskrat and midden models
showed a high degree of correlation (r2 = 0.68, P < 0.001; Fig. 11). Linear regression
showed no relationship between muskrat d values and o 15N values of captured muskrats
(r2 = 0.19, P = 0.11) or 6 13 C values (r2 = 0.08, P = 0.33). There also was no relationship

between midden d values and muskrat o 1 5N values (r2 = 0.10, P = 0.27) or 6 1 3C values
(r2 = 0.13, P = 0.21).

DISCUSSION
Telemetry

Muskrats are known prey for many animals including mink, raccoon, owls,
coyotes ( Canis latrans), and river otter (Perry 1982). In my study, predation by aerial
predators and mink was the most common mortality factor for radiocollared muskrats.
Whereas predation may have been the proximate cause of death, muskrats died, on
average, only 13 days after being radio collared, suggesting that the collars themselves or
complications from immobilization and handling may have been associated with muskrat
mortality. After the first few deaths, I switched to a smaller and lighter-weight
transmitter and reduced immobilization drug dosages but neither of these measures
improved survival. Other radiotelemetry studies of muskrats have reported high
mortality and the authors hypothesized that the radio collars may have contributed to
muskrat vulnerability to predators (Brooks 1980, Thurber et al. 1 991). I made frequent
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observations of radiocollared animals and their movements did not seem hindered nor
was their behavior unusual; however, this bias remains a possibility.
Despite the dearth of telemetry locations taken on individual animals, linear
home-range estimates for muskrat with >10 locations were comparable to or greater than
those of muskrats in other riverine environments. In marsh habitat with abundant food
resources, muskrat movements ·were rarely >200 m and most activity was restricted to
within 15 m of lodges (Sather 1958, Errington 1963, MacArthur 1978). Linear home
ranges of muskrats living along rivers and ditches averaged 200-400 m and extended to
>1,000 m in rivers (Le Boulenge and Le Boulenge-Nguyen 1981, Stewart and Bider
1974, Brooks 1985). Brooks (1980) found that mean distance traveled by muskrats on
rivers decreased as food availability increased. Thus, the large home-range estimate in
my study ( x = 410 m) may be indicative of overall poor habitat quality for muskrats on
the Green River in MCNP.

Stable isotopes

The observed difference in 6 1 5N values between hair and toe samples could be
due to either differential fractionation of isotopes during digestion and assimilation or
different turnover times for the 2 tissues. Ambrose (2000) found that the difference
between fractionation values for laboratory rat hair and bone was insignificant; thus, the
difference between hair and toe samples in my study was most likely due to dietary shifts
rather than fractionation. There should be a strong linear relationship between toe and
hair 6 1 5N and toe and hair 6 1 3C values if the isotopic composition of the diet is constant
over time. Lack of difference between 6 1 3C values for hair and toe and the strong linear
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relationship between the 2 tissues indicates consistency in C isotope signatures in the
diet. That suggests muskrats used aquatic and terrestrial vegetation in approximately the
same proportions during the time periods represented by the tissues. Conversely, the
difference in 8 1 5N values and the weak linear relationship between hair and toe <> 1 5N
indicates the 8 1 5N signature of muskrat diets varied over time. The hair samples were
generally enriched over toe samples suggesting greater incorporation of animal matter in
the diet during the short time span over which the hair was grown. The significant
age x year interaction indicates that the effect due to age varies with year, but because
neither age nor year was significant, it is not clear how to interpret the effect of that
interaction.
I did not find a difference between the stable isotope values of adult and juvenile
muskrats. However, based on muskrat ecology, those animals would be consuming
different diets. Hair samples represent the isotopic signatures of food resources
consumed during tl)e time it was grown. Juvenile muskrats are born nearly hairless and
are covered with fur by 10 days post-partum and the coat continues to thicken and grow
to day 40 (Ling 1970). Muskrat young suckle around 15-16 days and weaning occurs in
the fourth week of life (Perry 1982); therefore, stable isotope values of juvenile muskrat
hair should primarily be reflective of a milk diet. Results of a prior study indicated that
although the relationship varied among species, generally, nursing offspring were only
slightly enriched in 8 1 5N over their mothers and 6 13C values did not differ between
mothers and offspring (Jenkins et al. 2001). Researchers found that trend was due to a
combination of depletion of 6 1 5N in milk relative to maternal values and a relatively
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small enrichment of offspring over milk. Then, during the weaning process, the
offspring's isotope signatures approached those of their mothers in proportion to the
percent of the offspring's total nourishment coming from the adult-type food (Jenkins et
al. 2001). My results were consistent with those findings; I found that juvenile hair
samples were enriched in 8 1 5N over adults, although not by a full trophic level increase.
Also as expected, the 8 1 5N values for juvenile muskrats declined with mass as older
juveniles transitioned to plant-based diets.
In contrast to hair samples, juvenile toe samples reflect the diet over a longer
period of time, incorporating uterine development, nursing, and post-weaning periods.
At birth, muskrats are around 21 g in mass (Perry 1982). Researchers have found that
neonatal stable isotope values of offspring do not differ from the maternal values (Fogel
et al. 1989, Jenkins et al. 2001). After birth, 8 1 5N values would be expected to rise during
nursing then drop again as muskrats are weaned at around 180 g. If adults and juveniles
were accessing the same food sources, their stable isotope values should then equilibrate.
In my study I found that 8 1 5N values for juvenile toes were below the values for adults,
potentially indicating less carnivory by juveniles. Young muskrat may not be able to
handle and open mussel shells and, thus, consume a more herbivorous diet than adults.
Researchers have also found that young are more terrestrial and tend to feed more on
bank vegetation than do adults (Errington 1941, Perry 1982).
In studies using stable isotopes, characterizing o 1 3C and o 1 5N values of available
prey items is necessary before inferences about diet composition or trophic level can be
made. The K nearest-neighbor groupings divided muskrat prey items into sets that would
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be expected for riverine muskrats: aquatic plants, terrestrial plants, and animal matter.
All collected plants are known to use the C3 photosynthetic pathway, so differences in

o B e values would not be due to the differences between C3/C4 pathways. Plants growing
under submerged conditions are more enriched in o Be (LaZerte and Szalados 1 982).
Leersia isotope values were consistent with aquatic growth, and thus were used as a

representative of the contribution of submergent plants in muskrat diets whereas the other
plant species were considered to be of terrestrial origin. C. fluminea were enriched in

o 1 5N over plant samples as would be expected of a primary consumer.

Collection of

stable isotope samples was not based on an exhaustive survey of all possible dietary
items, but rather a·sample of plants and animal remains frequently encountered near
muskrat den entrances. A more thorough evaluation of the isotopic environment in and
around the Green River could provide additional insights into muskrat dietary
preferences.
The multiple-source mixing model indicated that muskrats on the Green River
derived a substantial proportion of their assimilated diet from animal matter. Because
milk was not included in the model, an important food source for juveniles was not
considered, violating a key assumption of mixing models. Therefore, the results were not
interpretable for those animals. The 2 adult muskrat toe samples with values outside of
the mixing triangle also suggest possible violations of the assumptions of the model, such
as an incorrect fractionation correction factor, substrate routing, or poorly constrained
dietary sources (Phillips and Koch 2001 ). Those 2 animals were obtained during late
March, and toe samples would reflect the late winter period when muskrat are most likely
to suffer nutritional stress (Errington 1 941 ). One of the animals was previously
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uncaptured and found dead with no signs of predation, also suggestive of dietary stress.
Starvation leads to the metabolism of muscle tissues and thus enriched o 1 5N values
(Gannes et al. 1997). Researchers also report increased incorporation of animal matter by
muskrats when alternate food sources are lacking (Sather 1958), which would contribute
to comparatively high o 1 5N values. For adult muskrats, the estimated contribution of the
3 food sources to the diet differed depending on the tissue considered, again suggesting
dietary shifts over the time periods considered.
Results from the mixing model must be carefully interpreted because the
contribution of animal matter to the muskrat diet may have been overestimated. Plants
are typically lower in protein or nitrogen than animal tissues and are often used by
omnivorous consumers as a source of energy rather than tissue synthesis. Therefore,
isotopic reconstructions of diets of omnivorous animals will typically be biased toward
the animal source (Hobson et al. 1999). The use of the concentration-dependent model
partially corrects for this problem, but without a controlled feeding study where muskrat
are fed mussels and vegetation to varying degrees, the exact patterns of nutrient
allocation and fractionation factors are unknown. Even when feeding trial results are
available, 2 animals on identical diets can have different values for ecological and
physiological reasons. Therefore, researchers have suggested that the primary value of
mixing models is in providing a heuristic tool for obtaining a general index of animal
diets rather than correct estimates of proportions in the diet (Ben-David and Schell 2001).
Nevertheless, my estimates of the percentage of muskrat diet derived from animal
materials were far greater than other studies that quantified the importance of animal
material in muskrat diets. Ching and Chih-Tang (1965) estimated animal material made
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up 6.9% of the diet of muskrats in China, whereas O'Neil (1949) estimated that animal
material composed up to 5% of muskrat diets in Louisiana's fresh Subdelta marshes and a
larger percentage of the diet in freshwater lakes.
Trophic position estimation avoids some of the problems encountered when using
mixing models by basing estimates of feeding ecology on ecosystem baselines rather than
specific items in muskrat diets. However, fractionation of o 1 5N is still an issue and my
estimates of trophic position rest on the assumption the average fractionation of primary
producers to mussels and mussels to muskrats equals the mean trophic fractionation of
3.4%0 derived from literature accounts. The use of bivalves is recommended in other

studies to establish isotopic baselines (Cabana and Rasmussen 1996, Vander Zaden et al.
1996, Post 2002), but the use of C. jluminea o 15N values in both the mixing model and
trophic estimates denotes that the results from the 2 models are not truly independent
estimates of muskrat use of animal materials. Muskrats cannot occupy a trophic position
less than that of a primary consumer (A = 2), but the mean trophic level estimate for
juvenile muskrat toe samples fell below this value. That most likely indicated the o 1 5N
fractionation value was incorrect, and consequently the trophic level of all muskrats
investigated would be higher (i.e., more animal matter in the diet) than the values
reported. Muskrats are generally considered to be herbivores, only occasionally preying
on animal matter. Using the trophic level estimates as minimums, I found that adult
muskrats on the Green River have o 15N values consistent with a far more carnivorous
diet.
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Habitat models

Despite the limitations posed by a linear study area, the muskrat and mussel
habitat models identified areas of muskrat habitat use and sites of mussel middens.
Although d values were lower for muskrat training locations and validation locations
than random locations, the cumulative frequency graphs showed only a slight separation
between the models. The locations used to create the model were based on spotlight
locations of muskrats during a diel period of high activity. Whereas more muskrat
sightings would be expected in areas of higher habitat quality, muskrats were probably
also spotted moving through sub-optimal habitats where no resources were consumed.
Therefore, the locations of muskrat activity centers, such as dens or feeding sites, may
more accurately reflect habitat preferences by muskrats and better parameterize the
model. I attempted to develop data layers reflecting all variables other researchers had
found important for muskrats in riverine habitats, but I was unable to develop variables
that directly measured potentially important microhabitat variations, such as river
velocity and stream substrate. The locations of muskrats withheld from the training
locations and used to validate the muskrat habitat model corresponded well with the
original locations indicating consistency in model performance. However, because the
validatio.n locations were a holdout sample, they do not detect potential biases in the
collection of the sample. The separation between training locations and validation
location for the midden model indicates that this model performed well for predicting the
locations of mussel shell middens. The distribution of the validation locations for the
model also indicates the model predicted sites of predation on unionids.
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The high level of correlation between the muskrat and mussel midden models
suggests potentially interesting biological phenomena. Using a relatively simple model
incorporating 2 independent sets of locations, the models predicted greatest muskrat
habitat use and sites of mussel middens in the same areas. Obviously, middens of shells
deposited by muskrats will only occur where muskrats occur. However, the habitats
generally occupied by muskrats and freshwater mussels are quite different. It has been
documented that most mussel species typically occupy riffle and shoal habitats (Hardison
and Layzer 200 1 ), and the highest densities of freshwater mussels occur in these areas of
the Green River (J. Layzer, TCFRU, personal communication). Riverine muskrats are
generally associated with backwater habitats with abundant emergent vegetation (Brooks
and Dodge 1986). The Green River within MCNP has few backwaters and little
emergent vegetation. Late winter and spring food supplies may be restricted as vernal
aqueous vegetation is scarce along the floodplain due to silt deposits from winter
flooding (Woodman and Thomas 2003). Furthermore, steep, rocky banks in some areas
may restrict muskrat access to upland vegetation. Given those factors, it is possible that
mussels constitute an important component of muskrat diets in the study area, and the
presence of mussels may actually serve to sustain muskrat populations in some reaches of
river.
Studies using stable isotopes in conjunction with demographic data on rodent
populations have demonstrated that increased incorporation of shorebird eggs and
intertidal organisms corresponded to increased mice (Peromyscus keeni and P.
maniculatus) densities (Drever et al. 2000, Stapp and Polis 2003). Based on those

studies, I expected similar findings on the Green River, where the o 1 5N values of captured
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muskrats would be higher in areas of high habitat use by muskrats. I did not find any
relationship between d and o 1 5N values, but I had a small sample size of captured
muskrat and may not have had sufficient power to detect trends. Although I found no
relationship, this does not imply that mussels are not an important dietary resource.
Consumption of animal matter, even at low levels, can be nutritionally beneficial for
muskrats. Campbell and MacArthur (1996) found that muskrats consuming diets
exclusively of aquatic vegetation experienced a negative nitrogen balance during the
summer months, but by incorporating as little as 2-3.5% animal tissue, a muskrat would
meet its daily maintenance requirements for nitrogen.
The results of my study suggest that muskrat predation on mussels occurs in
proportion to muskrat habitat use. Stable isotope results showed that all captured adult
muskrats incorporated animal matter in their diet indicating that muskrat predation on
mussels is a general occurrence in the muskrat population rather than the feeding
activities of a few individuals specializing on mussels. Therefore, it would be expected
that declines or increases in muskrat populations on the Green River would result in
corresponding changes in the number of mussels consumed.
Muskrats occur along many rivers, but riverine habitats often are sub-optimal and
support lower densities of animals occupying larger home ranges as compared with other
wetland habitat types (Perry 1982). Muskrats do not occur in many areas that support
diverse mussel faunas (Haag and Warren 1998), suggesting that mussels alone are
inadequate for supporting a muskrat population. Given the large home ranges of
muskrats, and the lack of emergent vegetation in the study area, it is likely that habitat for
muskrats on the Green River in MCNP is poor to marginal with carrying capacity
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increased as a result of the presence of mussels. Although no strong seasonal trend was
observed in the deposition of mussel middens, stable isotope analysis suggests that
muskrat use of mussels varies over time and thus may form an even more important part
of the diet when preferred vegetation is lacking or during periods of increased activity,
such as mating.

MANAGEMENT IMPLICATIONS

Results from stable isotope analyses indicate that adult muskrat on the Green
River incorporate significant amounts of animal matter in their diet. The presence of
extensive shell middens along the river supports that conclusion. No other animal
remains were found near muskrat dens or feeding platforms, therefore mussels and clams
appear to make up the vast majority of animal material eaten. Muskrats consumed 24
different species of bivalves within MCNP including 23 species of native mussels and
non-native C. fluminea, but the current impact of this predation is thought to be minimal.
C. fluminea is by far the most abundant bivalve in the Green River and was also the most
common species in muskrat middens (J. Layzer, TCFRU, personal communication).
Some researchers have contended that C. fluminea out-competes native mussels for food
resources, and thus has a negative effect on unionids (Williams et al. 1 993). Although
muskrat predation on that species was common, it is unlikely that muskrat predation
would have any impact on the C. fluminea population due to its high reproductive
capability. Other species experiencing predation, including the endangered Cyprogenia
stegaria, are considered fairly common in MCNP (Woodman and Thomas 2003), and

muskrat predation at its current level is not thought to be adversely affecting any mussel
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species (J. Layzer, TCFRU, personal communication). Yet, as my study suggests,
changes in the muskrat population may result in changes in predation pressure on
mussels.
This study examined muskrat and mussel interactions over a relatively short time
period. Researchers have reported incidences where muskrat predation was non-existent
one year then increased to severely impact a mussel population the next (Van Cleave
1940, Neves and Odom 1989). Therefore, muskrats in MCNP may impact mussel
populations in the future, and monitoring should continue to determine whether changes
in predation occur. However, in some cases habitat degradation has impacted mussel
populations to the extent that the loss of even a few individuals can lead to the extirpation
of a population. As most adult muskrats in an area are consuming mussels and predation
occurs in proportion to muskrat habitat use, the removal of muskrats from an area should
help reduce the level of mussel predation. In instances when muskrat predation is an
imminent threat to endangered mussel populations, the trapping of muskrats as predator
control may help relieve the problem.
The construction and operation of dams along the Green river changed the
hydrologic regime of the river and the resultant habitat changes may have altered the
historical muskrat/mussel dynamic. Recent initiatives including the commencement by
the Army Corps of Engineers of a 'conservation' flow regime from the Green River Dam
and the possible removal of the relict Lock and Dam #6 structure may also result in
changes in the aquatic and riparian habitats, such as changes in the vegetation available to
muskrats. Whereas those water management actions are generally regarded as enhancing
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conditions for aquatic organisms, including mussels, the potential effects of these
changes on muskrat and mussel interactions is unknown.
Finally, continued monitoring of mussel populations, muskrat populations, and
muskrat predation on mussel on the Green River would enable researchers to examine
correlations between population trends and the incidence of predation. Also, comparison
of the Green River within MCNP with other rivers with rich mussel faunas could provide
additional insight into the factors affecting muskrat predation on mussels.
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CHAPTER IV
THE STATUS OF RIVER OTTERS IN MAMMOTH CAVE NATIONAL PARK

INTRODUCTION

River otter populations have been greatly reduced across North America. Until
the late 1880s, otters ranged throughout Canada and the United States except for extreme
northern Alaska and Canada and portions of the arid southwestern U.S. (Lauhachinda
1978). By 1978, river otters were considered extirpated from Nebraska, South Dakota,
Kansas, North Dakota, Indiana, Ohio, West Virginia, Kentucky, Tennessee, New Mexico,
Utah, Arizona, Colorado, and Oklahoma (Lauhachinda 1978). Nine other states reported
severe declines, and all states experienced some decline in otter populations (Raesly
2001). Overall, otter range was reduced to <1/3 of its original distribution (Melquist and
Hornocker 1983).
Intensive trapping, habitat destruction, and water pollution contributed to the
decline of river otters. The otter's dark, dense fur made it one of the most valuable
species sought by trappers (Melquist and Hornocker 1983). In the United States, 111,059
otters were sold in the fur trade between 1919 and 1921 (Lauhachinda 1978). With a
relatively low reproductive rate and low densities, otters were unable to withstand
unregulated trapping in many areas.
In other cases, habitat destruction and alteration was the primary cause of otter
declines. As a top aquatic carnivore, river otters were susceptible to the effects of water
pollution. Residues of pesticides including mercury, DDT, PCBs, and Mirex have been
found in river otter tissues and may have contributed to reproductive failure (Halbrook et
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al. 198 1 , Kimber and Kollias 2000). In West Virginia, Tennessee, and Kentucky,
increased acidity of ground water due to mining operations resulted in fish declines and
the subsequent loss of river otters (Toweill and Tabor 1 982). Channelization, land
clearing, and marsh draining also reduced habitat available to otters (Melquist and
Hornocker 1 983).
Improvements in water quality and furbearer management, along with increased
concern about otter declines, led many states to consider river otter reintroduction
programs (Raesly 2001). Colorado initiated the first river otter translocation in 1 976 and,
since then, 2 1 states and 1 Canadian province have initiated restoration or enhancement
(Raesly 2001). Eighty-two percent of the reintroduction projects documented evidence of
reproduction and 77% indicated range expansion of populations (Raesly 2001). Serfass
et al. ( 1 993) reported self-sustaining populations in Pennsylvania, and Johnson and
Berkley (1999) reported otter reproduction and range expansion in Indiana. From initial
reintroduction efforts in 1982 (Erickson and McCullough 1 987), Missouri's otter
population grew to the extent that legal trapping was permitted in 1996 (Raesly 2001 ).
As of 1 998, river otters occupied at least portions of their historic range in every state
except New Mexico (Raesly 2001).
River otters were once thought to occur in every watershed of Kentucky, but were
considered extirpated from the state by the early to mid-1900s. The Tennessee Valley
Authority (TVA) and the Kentucky Department of Pis� and Wildlife Resources
(KDFWR) initiated reintroduction efforts in 1982 in the Land Between the Lakes area of
western Kentucky. Researchers documented reproduction from that release, and they
also noted that otters were beginning to naturally repopulate parts of western Kentucky
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(Logsdon 1989). Beginning in 1991, KDFWR led an effort to restore river otters in
eastern Kentucky. Between 1991 and 1994, 355 otter were released at 14 sites (Cramer
1995; Fig. 12). Sign surveys conducted in 1998 produced evidence of persistence and
dispersal at all 6 release areas surveyed (Beverly 2000).
As a national park, MCNP has a mandate to restore extirpated species whenever
feasible. River otters were once known to be common in MCNP, but the last record of an
animal along the Green River in the national park was from around 1910 (Bailey et al.
1933). Translocated otters often travel great distances; reintroduced otters traveled up to
60 km in West Virginia {Tango et al. 1991) and Indiana (Johnson and Berkley 1999).
Three of the Kentucky otter releases occurred within the Green River watershed and 1
was <60 km from MCNP (Fig. 13). Yet, as of 2002, there was no documented evidence
of river otters within the Park. Consequently, MCNP proposed a river otter
reintroduction to occur on the Green River. Prior to reintroduction, however, it was
imperative to determine the status of otters within MCNP.
The purpose of my study was to determine if otters were present within MCNP
and, if so, assess their distribution. I also wanted to establish a baseline otter population
index from which future population changes could be monitored.
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Fig. 12. Locations of otters released for restoration in Kentucky, 1982-1994.
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Fig. 13. River otter releases within the Green River watershed and hypothetical 60-km
dispersal distance.
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METHODS

Scent stations have been used to monitor a wide variety of carnivore species
including coyotes, bobcats (Lynx rufus), raccoons, foxes, and skunks (Mephitis
mephitis; Linhart and Knowlton 1975, Schauster et al. 2002, Leberg and Kennedy 1987,

Sargeant et al. 1998). Otter populations have also been monitored with scent-station
and sign-survey techniques (Jenkins and Burrows 1980, Macdonald and Mason 1985,
Clark et al. 1987). I established scent stations at 0.8-km intervals along the banks of the
Green and Nolin rivers within MCNP (Fig. 14). Each station consisted of 1 -m2 area of
smoothed mud or snow, constructed just above the waterline. I baited the stations with
a twig dipped in Hawbaker's otter lure (Sterling Fur Company, Sterling, Ohio), which is
composed of an extract from otter anal scent glands. Station placement alternated from
one side of the river to the other.
Stations were checked after 1 night. I first assessed if each station was able to
record a track by pressing my thumb into the substrate. If no print was recorded and no
animal tracks present, I determined the station was inoperable. If operable, I then
identified any tracks present to species. Whenever tracks were partially obscured or
otherwise difficult to identify, I took measurements of track length, width, stride, and
straddle to aid in identification.
Scent-station surveys were conducted monthly. I divided the study area into 3
sections based on flow regimes: the relatively free-flowing section of the Green River
from the upstream park boundary to Turnhole bend, the impounded section of the Green
River from Turnhole Bend to the confluence with the Nolin River, and the Nolin River
from its dam discharge to the Green River (Fig. 14). A relative index was then
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Fig. 14. Locations of scent stations constructed for river otter on the Green and Nolin
rivers, Mammoth Cave National Park, Kentucky, 2002-2003.
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calculated for each month and each section of river as
Total visits
. dex = ------------. m
- x 1,000
Re1atlve
Total operational scent station nights
I conducted one-way ANOVA tests with Tukey comparisons to determine if
relative indices for all animals, river otters, and raccoons varied between areas and
seasons. I tested model assumptions for normality of residuals and equal variance using
Levene's test (Ott and Longnecker 2001).
To determine if there were spatial correlations among visits to scent stations, I
performed Moran's / and Geary's C tests using an ArcView GIS script (Lee and Wong
2001). Spatial autocorrelation tests were performed based on randomization and were
weighted as the inverse of distance (Lee and Wong 2001). Distance between scent
stations was based on river distance rather than straight-line distance.
In addition to scent stations, areas of likely otter activity, such as point bars,
rock formations, and tributary confluences were routinely inspected for otter spraints or
other signs of otter activity. I collected all spraints found and recorded their locations.

RESULTS

Scent-station surveys were conducted on the Green and Nolin rivers from May
2002 to July 2003. I conducted surveys in all months except November 2002 and
February 2003 when weather and river conditions precluded the use of scent stations. I
established 62 stations with 28 along the free-flowing section of the Green River, 18
along the impounded section of the Green River, and 16 along the Nolin River, although
2 of these on private land outside MCNP were only checked in summer 2002. All scent
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stations were visited by an animal on �1 occasion. Overall, there were 73 8 station
nights with 318 animal visits. Sixteen species were identified from tracks (Table 10).
I documented evidence of river otters within MCNP (Fig. 15); otter indices
ranged from O to 50. 7 (Table 11). River otter visits to scent stations were restricted to
the Nolin River and the impounded section of the Green River (Fig. 16). There was a
significant difference in the visitation index for otter between the Nolin and free
flowing Green (t = 4.550, P < 0.001) and the impounded Green and the free-flowing
Green rivers (t = -2.820, P = 0.018). However, I detected no difference in the otter
visitation index between the Nolin River and impounded Green River (t = -1.670, P =
0.225). Raccoon indices ranged from 217.6 to 273 .3, and I detected no difference in
raccoon indices among the Nolin, impounded Green, and free-flowing Green rivers (F=
1.410, P = 0.251).
For the areas combined, the relative index for all animals differed between
seasons (F = 5.87, P = 0.014). Visitation in spring was higher than in winter (t = 3.524, P = 0.024), and higher in summer than winter (t = 3.318, P = 0.033). Within
areas, there were no differences in visitation for the impounded and free-flowing
sections of the Green River between seasons (F = 1.82, P = 0.207, and F = 1.86, P =
0.206, respectively), but for the Nolin River, visitation was greater in spring and
summer than winter (t = 3.195, P = 0.027, and t = 3.893, P = 0.009, respectively).
Otter and raccoon visits did not differ by season.
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Table 10. Species recorded from tracks at scent stations along the Green and Nolin
rivers, Mammoth Cave National Park, Kentucky 2002-2003.
Species

Total visits

Free-flowing
Green River

Impounded
Green River

Nolin
River

Bird

19

7

10

2

Bobcat

10

5

2

3

Coyote

17

10

5

7

White-tailed deer
( Odocoileus virginianus)

11

3

4

4

Domestic dog

1

1

0

0

Duck

4

2

1

1

Human

3

1

1

1

Mink

16

6

9

1

Muskrat

41

12

18

11

2

0

2

0

16

0

7

9

1 86

77

63

45

Small rodent

16

3

6

7

Squirrel
(Sciurus sp.)

2

1

1

0

Wild turkey
(Meleagris gallopavo)

2

2

0

0

28

10

10

8

Opossum
(Didelphis virginiana)
River otter
Raccoon

Unknown
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Fig. 15. Scent station with river otter and raccoon tracks (a). Close-up of otter front
foot track recorded on a scent station along the Green River, Mammoth Cave National
Park, Kentucky, 2002 (b).
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Table 1 1 . Scent-station indices for the Green and Nolin rivers, Mammoth Cave
National Park, Kentucky, 2002-2003.
Indices

Impounded Green
River
(n = 23 1)

Nolin River

(n = 737)

Free-flowing
Green River
(n = 346)

All animals

458.4 ± 1 8 1 .6

401 .9 ± 1 87.9

491 .8 ± 1 66. 1

5 1 9.4 ± 167.2

River otter

2 1 .9 ± 41 .0

0± 0

30.3 ± 39. 1

50.7 ± 56.9

247.8 ± 127.8

2 1 7.6 ± 1 07.8

272. 1 ± 1 4 1 .7

272.3 ± 1 40.4

Raccoon

Overall
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(n = 1 60)

3

0

3

6 Km

e River otter scent station visit

Fig. 1 6. Scent stations visited by river otters on the Green and Nolin rivers, Mammoth
Cave National Park, Kentucky, 2002-2003 .
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Results from Moran's I and Geary's C tests revealed that visitation rates of
otters to scent stations were spatially clustered and thus non-independent (Moran =
0. 140, P < 0.001 ; Geary = 0.858, P = 0.001). The same tests revealed that raccoon
visits were not spatially autocorrelated (Moran = -0.004, P = 0.750; Geary = 0.984, P =
0.680).
Other otter field sign included tracks in snow (n = 1 ), spraints (n = 2), a predated
carp (Cyprinus carpio; n = 1 ), and a track in mud (n

=

1 ). Those otter signs were also

restricted to the Nolin River and the impounded portions of the Green River (Fig. 1 7).

DISCUSSION

Long-term survival and reproduction has been documented for river otter
reintroductions in Kentucky and, thus, are considered successful (Beverly 2000). As
evidenced from scent-station surveys and sign, including spraints, �1 otter has
dispersed to MCNP. Otters are known to be present in Nolin River Lake, which is
located <5 km from the park boundary. The otters in MCNP were most likely able to
travel past the Nolin River Dam, just north of the park, and enter the tailwaters of the
Nolin River to the impounded section of the Green River. The data from scent stations
indicate that otters are at least occasionally present in the park, but the size and
permanence of the population remains unknown. Otter relative indices obtained from
scent stations for the Nolin River (50.7 ± 56.9) and impounded Green River (30.3 ±
39. 1 ) were somewhat lower than other studies using similar techniques. Clark (1 982)
reported otter indices of 88. 1 ± 20.4 and 60.6 ± 9.9 in Georgia in 1 980-8 1 and 1 98 1 -82,
respectively. Also, MCNP indices may appear artificially high because scent stations
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Fig. 1 7. Locations of all river otter sign encountered on the Green and Nolin rivers in
Mammoth Cave National Park, Kentucky, 2002-2003.

83

were not independent and a single otter could potentially be responsible for all otter sign
encountered, as suggested by the autocorrelation results. Additionally, visited scent
stations on a given occasion were never found >8 km apart. This suggests low
population densities within the park.
Whereas evidence of otters was found on the Nolin River and the impounded
section of the Green River, I found no sign of river otters on the 19 km of the Green
River upstream of Turnhole Bend. In addition to scent stations, I was active on the river
at dawn on >300 days and conducted spotlight surveys just after dark on 50 other
occasions, yet failed to see an otter. I also conducted nearly daily scans of the shoreline
along the impounded river section and never found an otter spraint. Although an otter
from other areas of the park could easily disperse to this section, the weight of evidence
indicated river otters did not inhabit the free-flowing section. The possibility exists that
otters were not present there because habitat was not suitable. However, historical
accounts state that river otters were once present in that portion of the Green River
(Bailey et al. 1933).
Scent stations have been criticized as a monitoring method for river otter
because of seasonal variation in response and habituation to scent (Robson and
Humphrey 1985). In my study, we did not find a significant seasonal trend in otter
visits, but a composite index of all animals was higher in spring and summer. Many
animals, including migratory and hibernating species, are more active or present in
greater numbers during spring and summer. Also, habituation to scent may have been
an issue. Highest indices of otter visitation were observed early in the study when scent
was first introduced and after a 2-month period when surveys were not conducted.
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Because of habituation issues, reducing the frequency of scent-station surveys to an
annual or semi-annual basis and standardizing the time of year to conduct surveys could
improve the ability of the scent-station technique to detect long-term trends in river
otter populations within MCNP.
Moran and Geary tests revealed that otter visits to scent stations were spatially
autocorrelated. A single otter could have visited consecutive stations and, thus, the
stations cannot be regarded as independent sampling units (Roughton and Sweeny
1 982). Because stations were not independent, lines should be regarded as the sampling
unit, effectively reducing the sample size to 3 in this instance. With only 3 lines
available, the statistical power to detect trends in otter visitation is low and the long
term utility of scent stations will be to monitor otter range expansion or absence in
given areas. In contrast to river otters, raccoon visits to scent stations were spatially
independent; thus, individual scent stations can be used as the sampling unit to detect
trends in raccoon abundance.

MANAGEMENT IMPLICATIONS

Based on the lack of field sign and the low relative index obtained from scent
stations, I conclude that, although otters exist within MCNP, the population is small or
transient and restricted to the Nolin River and the impounded sections of the Green
River. Because of that, a translocation program could be beneficial in reestablishing a
self-sustaining population of river otters within MCNP. Cramer ( 1 995) outlined
guidelines for selecting watersheds and release sites for otter restoration in Kentucky
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(Table 1 2). The Green River within MCNP meets most of the qualifications and
augmentation of the river otter population would most likely be successful.
River otter reintroductions have been so successful in other parts of Kentucky
that otter nuisance complaints are numerous. The most common complaints are
predation on fish in stocked farm ponds and fouling marina docks (M. Cramer,
KDFWR, personal communication). Where such problems occur, otters could be
trapped and translocated to MCNP. That would help to alleviate nuisance issues in one
area while aiding in the restoration of a charismatic species in MCNP. A river otter
augmentation would also benefit MCNP by providing a wildlife viewing opportunity
for canoeists and other river users and potentially aiding in the protection of federally
endangered freshwater mussels.
Augmenting the river otter population within MCNP, however, introduces
potential for nuisance complaints outside the park. Before a translocation program is
initiated, park personnel should develop protocols for dealing with such issues as they
arise. After translocation is initiated, it is imperative that monitoring is instituted to
track the fate of relocated animals and determine the long-term efficacy of the
augmentation program. Monitoring could include radio-telemetry, diet studies, and the
continued use of scent stations to track range expansion.
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Table 12. Guidelines for selecting watersheds and release sites for river otter
restoration in Kentucky (Cramer 1995).
Present at MCNP

Guidelines
Guidelines for selecting watersheds
Low human disturbance

Yes

High water quality

Yes

Prey availability

Yes

Proximity to existing populations

Yes

Proximity to prior releases

Yes

Guidelines for selecting release sites by habitat
Good riparian corridors

Yes

Diversity of wetland types

No

Unchannelized system

Yes

Tributary junctions

No

Meandering stream sections with abundant pools

Yes

Presence of debris piles and log jams

Yes

Beaver activity

Yes

Guidelines for selecting release sites- social considerations
Public support for release

Yes

Low trapping pressure

Yes

Low commercial fishing pressure

Yes

Adequate public viewing opportunity at release site

Yes

87

CHAPTER V
SPOTLIGHT SURVEYS AS A POPULATION ASSESSMENT TECHNIQUE
FOR RIVERINE MUSKRATS
INTRODUCTION

The muskrat is a semi-aquatic rodent widely distributed throughout most of
North America (Perry 1982). Muskrats are considered an important furbearer (Schacher
and Pelton 1 97 5) and many methods have been used to detect changes in muskrat
populations including house counts (Dozier 1 948), sign surveys (Nadeau et al. 1 995),
and mark-recapture analyses (Clay and Clark 1 985, Clark and Kroeker 1 993). Much of
that muskrat research has been done in marsh environments were muskrats occur in
relatively high densities and live in large, visible structures made of marsh vegetation.
In riverine environments, muskrats are generally found in lower densities and live in
bank dens with entrances below the water level. Because of those factors, traditional
methods of assessing muskrat populations are difficult or impossible to carry out.
As part of a study documenting the impact of river otter reintroduction on
muskrats and freshwater mussels on the Green River in MCNP, I needed to establish a
baseline muskrat population index before river otter establishment. Because of the
issues with other methods of muskrat population assessment, I chose to conduct
spotlight surveys. Spotlight surveys have been used to assess populations of many
mammals including raccoons (Gert 2002), foxes ( Vulpes spp.; Schauster et al. 2002,
Ralls and Eberhardt 1 997), deer (Fafarman and DeYoung 1 986, Cypher 1991 ), and
jackrabbits (Lepus spp.; Smith and Nydegger 1 985). In aquatic environments, spotlight
surveys have been conducted for Nile crocodiles ( Crocodylus niloticus; Hutton and
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Woolhouse 1989), alligators (Alligator mississippiensis; Chabreck 1966), and wood
ducks (Minser and Cole 1991). Several researchers have used spotlight surveys to
evaluate populations of muskrats and beaver (Gray and Arner 1977, Swafford 2002),
but little work has been done to assess the validity of using this method for riverine
muskrats.
Muskrats are known to vary their behavior and movement based on weather
conditions. For example, trapper Oscar Cronk wrote "On cold windy nights 'rats don't
move well. They can't hear their enemies and don't like the chilly wind blowing on
them." He also noted that rats made fewer movements on moonlit nights and animals
seemed to move the most on dark, warm nights and just before storms (Cronk,
unpublished manuscript). Summer activity of ditch-dwelling muskrats in Quebec was
affected by rainfall, temperature, and nocturnal light (Stewart and Bider 1977). Those
behavioral responses are potential sources of undesirable variation in population
indices, and determining which conditions affect muskrat movement and standardizing
spotlight surveys to minimize the variation could improve the performance of the
monitoring technique.
An essential aspect of a monitoring method is its ability to detect biologically
significant changes in the population of interest over time (Hatch 2003). Statistical
power is the probability that a test will yield statistically significant results given that
differences, in fact, are present. The estimation of statistical power is important in
determining the efficacy of a monitoring program and in the allocation of time and
resources in experimental design (Gerrodette 1987).
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Consequently, the objectives of my study were to (1) assess the ability of
spotlight surveys to detect muskrat population trends, (2) determine if environmental
variables influenced the spotlight index, and (3) assess the statistical power of muskrat
spotlight surveys to detect population changes among years. From those analyses, my
goal was to develop a monitoring protocol for muskrats in MCNP.

METHODS
Spotlight surveys

I conducted spotlight surveys twice each week from January to August 2003 on
an 1 8-km stretch of the Green River between the upstream national park boundary and
Sand Cave Island. Another observer and I searched the banks and river channel with 1million candlepower spotlights powered by marine batteries. Counts were made from a
boat traveling at a constant speed of 8 km/hr. I began surveys just after dark when
banks were easily visible in the spotlight beam. I did not conduct surveys on rainy
nights or when fog obscured the riverbanks. I recorded each muskrat's location with a
GPS receiver and noted the time and activity of animals seen. Sightings of various
other mammals were also recorded. I calculated an index of muskrat abundance for
each night by dividing the number of muskrats seen by the number of km traveled
(muskrats/km).

Effects of environmental variability

To examine the effects of environmental variability on the number of muskrats
seen, I recorded information on weather and river variables (Table 13). The chosen
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Table 1 3 . Environmental variables recorded during spotlight surveys for muskrats on
the Green River, Mammoth Cave National Park, Kentucky 2003.
Variable Name

Description

Value Range

Moonlight

Percentage of moon illuminated

0-1 00

Cloud cover

4 levels ranging from clear to overcast

1-4

Temperature

Mean daily air temperature (°C)

-3-28

Range

Difference between daily high and low air
temperature (°C)

7-37

Water level

Gage height at the Green River Ferry (ft)

2-1 6

Water temperature

Temperature recorded at Munfordville gage
station (USGS; °C)

4. 1-2 1 .7

Rainfall

Amount ofrain in 24-hr period (cm)

0-4.4

Barometric pressure

Pressure at beginning of survey recorded at
Bowling Green, KY (in)

29.72-30.5

Humidity

Percent relative humidity recorded at Bowling
Green, KY

25-100
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environmental variables included those reported in the literature as affecting muskrat
behavior and, hence, visibility (Stewart and Bider 1977).
I performed regression analysis to measure the effects of the environmental
variables on the number of muskrats seen. The dependent variable was the
muskrats/km index and the independent variables included the suite of environmental
variables. Cloud cover, a categorical variable, was coded as a "dummy variable" to
facilitate analysis. Two additional independent variables were included in the model to
account for predicted seasonal changes in the muskrat population that would occur from
January to August. I calculated the number of days that had elapsed since the first
survey (19 January 2003) for each spotlight occasion. This variable was termed days
and was considered a measure of time. The relationship between muskrat/km and time
was curvilinear, therefore, the days variable was squared (i.e., days2) and also
considered in the regression. I used backward and stepwise selection procedures (Proc
REG selection = backward and stepwise) with a P to enter/drop value of 0.10. I then
compared the results of the selection procedures to identify the best model. The
variables of the final model were analyzed for correlation. I assessed normality of
residuals using the Shapiro-Wilks test (Ott and Longnecker 2001).

Power analysis

To assess the ability of spotlight surveys to document declines in muskrat
populations, I conducted a statistical power analysis using Program TRENDS
(Gerrodette 1987). TRENDS is designed for data to be analyzed using linear
regression. The program calculates the power ((3) to detect trends in species abundance
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over time based on 4 parameters: n, the number of samples; r, the rate of change in the
quantity being measured; CV, the coefficient of variation; and a, the probability of type
1 errors (Gerrodette 1 987).
I compared power analysis scenarios in TRENDS based on fixed assumptions of
linear negative change because I wanted to detect muskrat declines, possibly resulting
from a future increase in the otter population. I also assumed that the CV was
proportional to 1 /

.JA. , where A is abundance, as reported for line-transect designs by

Burnham et al. (1980). The range of potential values for {j was determined by varying
the other 4 parameters. I set n at 5 or 6 years based on the projected duration of the
research. Anecdotal accounts suggest drastic declines in muskrat populations following
otter reintroductions, and spotlight surveys on the Holston River, Tennessee recorded a
>95% decline in muskrats (B. Minser, University of Tennessee, unpublished data).
Therefore, I set r at 25%, 50%, and 75% declines to represent a range of possibilities.
CVs used included the values obtained from 2 surveys conducted in July 2002 (0. 10), 9
surveys conducted in July 2003 (0.40), and a value between the 2 (0.25). Alpha was set
at 0.05 and 0. 1 .

RESULTS

I observed 948 animals over 48 spotlight-nights. Those observations consisted
of 8 species with muskrats, beaver, and raccoons most commonly observed (Table 14).
The population index ranged from 0.083 to 1 .33 muskrats/km. The average number of
muskrats observed declined from January through May and then steadily increased
through the final survey in August (Fig. 1 8).
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Table 14. Counts of animals observed during spotlight surveys on the Green River,
Mammoth Cave National Park, Kentucky, 2003.
Number

Species
Beaver

313

Bobcat

6
80

White-tailed deer

3

Mink
Muskrat

358

Raccoon

1 75

Shorttail shrew (Blarina brevicauda)

1

Domestic Dog

1

Unknown

1
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Fig. 18. Average number of muskrats per km seen during spotlight surveys on the Green River, Mammoth Cave National Park,
Kentucky, 2003.
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The stepwise selection regression model included water level, water temperature,
and days2 (r2 = 0.446, P < 0.001; Table 15). The days2 variable was correlated with both
water level (r = -0.56, P < 0.001) and water temperature (r = 0.87, P < 0.001). The
Shapiro-Wilks test showed no departure of the residuals from nollll:ality (P = 0.15).
Power to detect declines in muskrat populations using spotlight surveys varied from 0.18
to 0.94 over the range of possible scenarios (Table 16).

DISCUSSION

Muskrat spotlight indices were reflective of the trend in muskrat population that
would be expected from January to August. Muskrats are prey for many species
including mink, raccoon, owls, coyotes, and otter (Perry 1982) and can also experience
high levels of mortality if food sources are limiting through the winter (Errington 1941).
The number of muskrats/km reflected this decline through winter. In the Southeast,
muskrats reproduce in the spring and the first litter of young leave the den in late May
(Schacher and Pelton 1975). The number of muskrats seen began to increase as these
juveniles were weaned and began foraging at night. Also, the beginning of this upward
trend in muskrats/km coincided with the first juveniles caught in a concurrent trapping
effort.
The use of spotlight surveys has been criticized because indices obtained may be
subject to many sources of variation including weather, habitat structure, and animal
behavior (Wilson and Delahay 2001). For example, researchers found that the number of
anurans sighted in Big Bend National Park was correlated with river levels and
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Table 15. Summary of stepwise selection regression to determine the effects of
environmental variability on the number of muskrats observed during spotlight surveys
on the Green River, Mammoth Cave National Park, Kentucky, 2003.
Variable

Partial R2 a

F value

P value

Water Level

0.188

10.65

0.002

Water Temp

0.065

3.92

0.054

Days2 b

0.193

15.33

< 0.001

model R2 = 0.446
b
Squared term of days elapsed since initial survey.
a Cumulative
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Table 1 6. Power analysis for detecting declines in muskrat populations with spotlight
surveys using Program TRENDS (Gerrodette 1 987).

Duration of Study (yrs)

% Decrease

CV

Alpha

Power

5

25

0.426

0.05

0. 1 8

5

50

0.426

0.05

0.2 1

5

75

0.426

0.05

0.39

5

25

0.426

0. 1

0.20

5

50

0.426

0. 1

0.36

5

75

0.426

0. 1

0.59

5

25

0. 1

0. 1

0.70

5

50

0. 1

0. 1

1 .0

5

25

0.25

0. 1

0.29

5

50

0.25

0. 1

0.6 1

5

75

0.25

0. 1

0.89

6

25

0.25

0. 1

0.32

6

50

0.25

0. 1

0.67

6

75

0.25

0. 1

0.94
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temperature potentially indicating a source of bias (Jung et al. 2002). In my study, I
observed considerable variation in the number of muskrats seen. Water level, water
temperature, and days2 explained 44.6% of the variation in spotlight data based on
regression analysis. The days2 variable was a measure of seasonality and was included in
the regression equation to account for changing size of the muskrat population under
study. That variable explained the greatest degree of variation and suggests that the index
was tracking a seasonal trend in muskrat numbers unaccounted for by the environmental
variables. Both water level and water temperature were correlated with the days2 variable
indicating that the effects of these variables may have also tracked seasonal variation
rather than between-night variability. Stewart and Bider (1977) found that muskrat
movements significantly increased during rain. Because of visibility issues I did not
conduct surveys while it was raining, but I also did not find increased movement on days
when it had rained prior to the survey.
My results suggest that the major trend in muskrat/km observed was due to actual
changes in the muskrat population rather than responses to environmental factors.
Although the possibility remains that muskrats are more active at certain times of the
year, the index did not begin to increase until after juveniles were active, suggesting that
seasonal behavioral differences did not significantly affect index values. Also, habitat
and vegetation changes likely did not have an effect on muskrat visibility. When I
observed muskrats, they were almost always swimming in the river or walking along the
banks at water level. The Green River has steep, tall banks and even in the summer there
is little overhanging vegetation that would hinder muskrat observation. In contrast,
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raccoons were most often seen in trees and my observations of these animals declined
after leaf-out.
Although the spotlight survey index tracked expected changes in muskrat
populations, high night-to-night variability may limit the usefulness of the surveys as a
long-term monitoring method. The 9 surveys conducted in July 2003 had a fairly high
coefficient of variation (0.43), and all TRENDS scenarios incorporating that value had
low statistical power (0.18-0.59). In contrast, 2 surveys conducted in July 2002 had a
low coefficient of variation (0.10), and the scenarios using that value had a 100% chance
of detecting a 50% decline in muskrat populations. Thus, the long-term usefulness of the
spotlight index hinges on reducing between-night variability. However no environmental
factor was found that explained that variability. Standardization of conditions under
which surveys are conducted is recommended, and environmental conditions should
continue to be recorded to detect relationships that may emerge in the future.

MANAGEMENT IMPLICATIONS

A goal of long-term monitoring is to obtain the best possible data with the
smallest expenditure of dollars and time. In general, spotlight surveys can be an effective
and efficient tool for documenting riverine muskrat populations. Spotlight indices
echoed the expected trends in muskrat populations and environmental variation was
found to have little impact on the number of muskrats observed.
To track changes in the muskrat population on the Green River in MCNP, I
recommend conducting annual spotlight surveys in July or early August. During that
time, muskrat populations are near peak levels, the probability of flooding is low, and
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warm conditions and the availability of seasonal personnel make surveys logistically
easier. Although I did not identify environmental variables that affected the number of
animals observed, these factors may still have some influence and attempts should be
made to standardize conditions. When water levels are at or above flood stage, spotlight
surveys should not be attempted; high water conditions compromise the safety of
investigators and muskrats can be hidden behind floating debris, hindering observations.
Also, investigators should avoid conducting surveys on foggy nights or during times of
unseasonably hot or cold temperatures.
Spotlight surveys should also work well to monitor muskrats in other rivers,
although site-specific variation may make the technique more or less useful. Streams
with thick brush along the banks or other features that would compromise visibility may
not be suited for spotlight surveys. Also, because of differences in visibility between
rivers, spotlight surveys should be used to monitor population changes over time, rather
than to compare populations.
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CHAPTER VI
SUMMARY AND CONCLUSIONS

Results from my study provide baseline information on muskrat/mussel
relationships, otter populations, and muskrat populations prior to the proposed river otter
restoration on the Green River within MCNP. Home ranges of muskrats were large
compared with those reported in other studies, and this suggested habitat on the Green
River may be sub-optimal. I found that freshwater bivalves were an important food
resource for muskrats and predation on bivalves appeared to have been an important
component of muskrat habitat. All captured adult muskrats incorporated animal matter in
their diet, indicating that predation on mussels and clams was a general occurrence and
may help to sustain muskrat populations in the river. Clearly, bivalves were an important
dietary resource; however, the long-term effects of muskrat predation on native unionid
populations are not known.
Based on the scarcity of field sign and the low relative index obtained from scent
stations, I concluded that the river otter population is small or transient and restricted to
the Nolin River and the impounded sections of the Green River. Otters were not detected
on the 19-km section of the Green River upstream ofTurnhole Bend. Scent stations for
river otters were not independent and, consequently, scent-station lines should be
regarded as the sampling unit. With only 3 such lines available, the statistical power to
detect trends in otter visitation was low and the long-term utility of scent stations will be
to monitor otter range expansion or absence in given areas.
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Finally, I found spotlight surveys to be an effective and efficient tool for
monitoring muskrat populations. The indices reflected the expected trends in muskrat
populations and linear regression analysis revealed that environmental factors explained
little of the variation in the number of muskrats observed. Reducing between-night
variation is important, however, if spotlight surveys are to have sufficient statistical
power to detect potential declines in muskrat populations due to otter restoration.
Given the small or transient otter population and the absence of otters from some
areas, an otter population augmentation in the free-flowing section of the Green River
could be beneficial and provide a unique opportunity to study otter, muskrat, and mussel
interactions. For post-release comparisons of muskrat population levels and muskrat
predation on mussels to be valid, steps should be taken to proceed with otter restoration
as soon as possible with releases occurring in the near future. In addition to monitoring
released otters, the monitoring methods that I initiated, including scent stations, spotlight
surveys, and midden collections by TCFRU should continue in order to determine the
impacts of otter restoration in this important ecosystem.

104

LITERATURE CITED

105

LITERATURE CITED

Ambrose, S. H. 2000. Controlled diet and climate experiments on nitrogen isotope ratios
of rats. Pages 243-259 in S.H. Ambrose and M.A. Katzenberg, editors.
Biogeochemical approaches to paleodietary analysis. Kluwer Academic/Plenum,
New York, New York, USA.
Bailey, V., F. M. Bailey, and L. Giovannoli. 1933. Cave life of Kentucky. The
American Midland Naturalist 5:385---635.
Bates, J. M. 1962. The impact of impoundment on the mussel fauna of Kentucky
Reservoir, Tennessee River. American Midland Naturalist 68:232-236.
Baumgartner, L. L., and F. C. Bellrose Jr. 1943. Determination of sex and age in
muskrats. Journal of Wildlife Management 7:77-81.
Ben-David, M., R.W. Flynn, and D.M. Schell. 1997a. Annual and seasonal changes in
diets of martens: evidence from stable isotope analysis. Oecologia 111 :280-291.
__, T. A. Hanley, D. R. Klein, and D. M. Schell. 1997b. Seasonal changes
in diets of coastal and riverine mink: the role of spawning Pacific salmon.
Canadian Journal of Zoology 75:803-811.
__, and D. M. Schell, 2001. Mixing models in analyses of diet using multiple stable
isotopes: a response. Oecologia 127:180-184.
Beverly, J. 2000. Relative abundance of reintroduced river otters (Lontra canadensis)
in the Eastern Coalfields Physiographic Region of Kentucky. Thesis, Eastern
Kentucky University, Richmond, Kentucky, USA.

106

Blalock, H. N., and J. B. Sickel. 1996. Changes in mussel (Bivalvia: Unionidae) fauna
within the Kentucky portion of Lake Barkley since impoundment of the lower
Cumberland River . American Malacological Bulletin 13 :111-116.
Bogan, A. E. 1993. Freshwater bivalve extinctions (Mollusca: Unionidae): a search for
causes. American Zoologist 33 :599---609.
Brooks, R. P. 1980. A model of habitat selection and population estimation for muskrats
( Ondatra zibethicus) in riverine environments in Massachusetts. Dissertation,
University of Massachusetts, Amherst, Massachusetts, USA.
__. 1985. Microenvironments and activity patterns of burrow-dwelling
muskrats (Ondatra zibethicus) in rivers. Acta Zoologica Fennica 173 :47--49.
__ and W. E. Dodge. 1986. Estimation of habitat and summer population
density for muskrats on a watershed basis. Journal of Wildlife Management
50:269-273.
Burnham, K. P., D. R. Anderson, and J. L. Laake. 1980. Estimation of density from line
transect sampling of biological populations. Wildlife Monographs 72.
Butler, L. 1940. A quantitive study of muskrat food. Canadian Field Naturalist
54:37--40.
Cabana, G., and J. B. Rasmussen. 1996. Comparison of aquatic food chains using
nitrogen isotopes. Proceedings of the National Academy of Science 93 :10844-10847.
Campbell, K. L., and R. A. MacArthur. 1994. Digestibility and assimilation of natural
forages by muskrat. Journal of Wildlife Management 54:633-641.

107

__ and __. 1 996a. Seasonal changes in gut mass, forage digestibility, and
nutrient selection of wild muskrats (Ondatra zibethicus). Physical Zoology
69: 1 2 1 5- 1 23 1 .
__ and __. 1 996b. Digestibility of animal tissue by muskrats.
Journal of Mammalogy 77:755-760.
Chabreck, R. H. 1 966. Methods of determining the size and composition of alligator
populations in Louisiana. Proceedings of the Southeastern Association of Game
and Fish Commissioners 20: 1 05-122.
Ching, C., and Y. Chih-Tang. 1 965. Foods and food bases of the muskrat, Ondatra
zibethicus Linnaeus. Acta Zoologica Sinica 1 7:352-363.

Cicerello, R. R., M. L. Warren Jr., and G. A. Schuster. 1 99 1 . A distributional checklist
of the freshwater unionids (Bivalvia: Unionidae) of Kentucky. American
Malacological Bulletin 8: 1 1 3-129.
__. 1 999. A survey of the freshwater mussels (Mollusca: Unionoidea) of the
Green River, Green River Lake Dam to Mammoth Cave National Park, Kentucky.
Kentucky State Nature Preserves Commission, Technical Report, Frankfort,
Kentucky, USA.
Clark, J. D. 1 982. An evaluation of a censusing technique and environmental pollutant
trends in the river otter of Georgia. Thesis, University of Georgia, Athens,
Georgia, USA.

1 08

__, T. Hon, K. D. Ware, and J. H. Jenkins. 1987. Methods for evaluating
abundance and distribution of river otters in Georgia. Proceedings of the
Annual Conference of the Southeast Association of Fish and Wildlife Agencies
41:358-364.

--- J. E. Dunn, and K. G. Smith. 1993. A multivariate model of female black
bear habitat use for a geographic information system. Journal of Wildlife
Management 57:519-526.
Clark, W. R., and D. W. Kroeker. 1993. Population dynamics of muskrats in
experimental marshes at Delta, Manitoba. Canadian Journal of Zoology
71: 1620-1628.
Clay, R. T., and W. R. Clark. 1985. Demography of muskrats on the upper Mississippi
River. Journal of Wildlife Management 49:883-890.
Convey, L. E., J. M. Hanson, and W. C. MacKay. 1989. Size-selective predation on
unionid clams by muskrats. Journal of Wildlife Management 53:654--657.
Cramer, M. S. 1995. River otter (Lontra canadensis) restoration in Kentucky, final
report. Kentucky Department of Fish and Wildlfe Resources, Frankfort,
Kentucky, USA.
Crocker, H. B. 1976. The Green River of Kentucky. The University Press of Kentucky,
Lexington, Kentucky, USA.
Culver, D. C., L. L. Master, M. C. Christman, and H. H. Hobbs ID. 2000. Obligate cave
fauna of the 48 contiguous United States. Conservation Biology 14:386-401.
Cypher, B. L. 1991. A technique to improve spotlight observations of deer. Wildlife
Society Bulletin 19:391-393.
109

DeNiro, M. J., and S. Epstein. 1978. Influence of diet on the distribution of carbon
isotopes in animals. Geochimica et Cosochimica Acta 42:495-506.
__, and __. 1981. Influence of diet on the distribution of nitrogen
isotopes in animals. Geochimica et Cosochimica Acta 45:341-351.
Dozier, H. L. 1942. Identification of sex in live muskrats. Journal of Wildlife
Management 6:292-293.
__. 1948. Estimating muskrat populations by house counts. Transactions of
the North American Wildlife Conference 13:372-392.
Drever, M. C., L. K. Blight, K. A. Hobson, and D. F. Bertram. 2000. Predation of
seabird eggs by Keen's mice (Peromyscus keeni): using stable isotopes to
decipher the diet of a terrestrial omnivore on a remote offshore island. Canadian
Journal of Zoology 78:2010-2018.
Enders, R. K. 1932. Food of the muskrat in summer. Ohio Journal of Science 32:21-30.
Erickson, H. R. 1963. Reproduction, growth, and movement of muskrats inhabiting
small water areas in New York state. New York Fish and Game Journal
10:90-117.
Erickson, D. W., and C. R. McCullough. 1987. Fates of translocated river otters in
Missouri. Wildlife Society Bulletin 15 :511-517.
Errington, P. L. 1937. Habitat requirements of stream..dwelling muskrats. Pages 411416 in Transactions of the second North American wildlife conference. American
Wildlife Institute, Washington D.C., USA.
__. 1941. Versatility in feeding and population maintenance of the muskrat.
Journal of Wildlife Management 5:68-89.
110

__. 1963. Muskrat Populations. Iowa State University Press, Ames, Iowa, USA.
Fafarman, K. R. and C. A. De Young. 1986. Evaluation of spotlight counts of deer in
south Texas. Wildlife Society Bulletin 14: 180-185.
Fogel, M. L., N Tuross, and D. W. Owsley. 1989. Nitrogen isotope tracers of human
lactation in modem and archeological populations. Pages 111-117 in Annual
Report Geophysical Laboratory, Carnegie Institution 1988-1989. Geophysical
Laboratory, Carnegie Institution, Washington D.C., USA.
Gannes, L. Z., D. M. O'Brien, and C. M. del Rio. 1997. Stable isotopes in animal
ecology: assumptions, caveats, and a call for more laboratory experiments.
Ecology 78:1271-1276.
Gerrodette, T. 1987. A power analysis for detecting trends. Ecology 68:1364--1372.
Gert, S. D. 2002. Evaluation of spotlight and road-kill surveys as indicators of local
raccoon abundance. Wildlife Society Bulletin 30:457---463.
Gilfillan, M.C. 1947. Testing methods of increasing muskrat populations. Ohio
Division of Wildlife, Columbus, Ohio, USA.
Gray, M. H., and D. H. Amer. 1977. The effects of channelization on furbearers and
furbearer habitat. Proceedings of the Annual Conference of the Southeastern
Association of Fish and Wildlife Agencies 31:259-265.
Greer, K. R. 1955. Yearly food habits of the river otter in the Thompson Lakes regions,
northwest Montana, as indicated by scat analyses. American Midland Naturalist
54:299-313.

111

Haag, W. R., and M. L. Warren. 1998. Role of ecological factors and reproductive
strategies in structuring freshwater mussel communities. Canadian Journal of
Fisheries and Aquatic Sciences 55:297-306.
Halbrook, R. S., J. H. Jenkins, P. B. Bush, and N. D. Seabolt. 1981. Selected
environmental contaminants in river otters (Lutra canadensis) of Georgia and
their relationship to the possible decline of otters in North America. Pages 17521762 in J.A. Chapman, and D. Pursley, editors. Proceedings of the Worldwide
Furbearer Conference, Frostburg, Maryland, USA.
Hanson, J. M., W. C. Mackay, and E. E. Prepas. 1989. Effect of size-selective predation
by muskrats ( Ondatra zibethicus) on a population of unionid clams (Anodonta
grandis simpsoniana). Journal of Animal Ecology 58:15-28.

Hardison, B. S., and J. B. Layzer. 2001. Relations between complex hydraulics and the
localized distribution of mussels in three regulated rivers. Regulated Rivers:
Research and Management 17:77-84.
Hatch, S. A. 2003. Statistical power for detecting trends with applications to seabird
monitoring. Biological Conservation 111 :317-329.
Heinricher, J. R., and J. B. Layzer. 1999. Reproduction by individuals of a
non-reproducing population of Megalonaias nervosa (Mollusca: Unionidae)
following translocation. The American Midland Naturalist 141:140--148.
Hilderbrand, G. V., S. D. Farley, C. T. Robbins, T. A. Hanley, K. Titus, and C.
Servheen. 1996. Use of stable isotopes to determine the diets of living and
extinct bears. Canadian Journal of Zoology 74:2080--2088.

112

Hobson, K. A., M. C. Drever, and G. W. Kaiser. 1999. Norway rats as predator of
burrow-nesting seabirds: insights from stable isotope analyses. Journal of
Wildlife Management 63:14-25.
Hoggarth, M. A., D. L. Rice, and D. M. Lee. 1995. Discovery of the federally
endangered freshwater mussel Epioblasma obliquata obliquata (Rafinesque,
1820) (Unionidae), in Ohio. Ohio Journal of Science 95:298-299.
Hooge, P. N. and B. Eichenlaub. 1997. Animal movement extension to Arcview.
Version 1.1. Alaska Biological Science Center, U.S. Geological Survey,
Anchorage, Alaska, USA.
Hughes, M. H., and P. W. Parmalee. 1999. Prehistoric and modem freshwater mussel
(Mollusca: Bivalvia: Unionoidea) faunas of the Tennessee River: Alabama,
Kentucky, and Tennessee. Regulated Rivers: Research and Management
15:25--42.
Hutton, J. M., and M. E. J. Woolhouse. 1989. Mark-recapture to assess factors affecting
the proportion of a Nile crocodile population seen during sotlight counts at
Ngezi, Zimbabwe, and the use of spotlight counts to monitor crocodile
abundance. Journal of Applied Ecology 26:381-395.
Jacoby, M. E., G. V. Hilderbrand, C. Servheen, C. C. Schwartz, S. M. Arthur, T. A.
Hanley, C. T. Robbins, and R. Michener. 1999. Trophic relations of brown and
black bears in several North American ecosystems. Journal of Wildlife
Management 63:921-929.
Jenkins, D., and G. 0. Burrows. 1980. Otters: ecology and conservation. Cambridge
University Press, Cambridge, England.
113

Jenkins, S. G., S. T. Partridge, T. R. Stephenson, S. D. Farley, and C. T. Robbins. 2001 .
Nitrogen and carbon isotope fractionation between mothers, neonates, and nursing
offspring. Oecologia 129:336-341 .
Jenness, J. 2003 . Mahalanobis distances (mahalanobis.avx) extension for ArcView 3.x,
Jenness Enterprises. Available at:
http://www.j ennessent.com/arcview/mahalanobis.htm.
Johnson, C. E. 1925. The muskrat in New York: its natural history and economics.
Roosevelt Wildlife Forest Experiment Station Bulletin 3 : 1 93-322.
Johnson, S. A., and K. A. Berkley. 1999. Restoring river otters in Indiana. Wildlife
Society Bulletin 27:4 1 9-427.
Jokela, J., and P. Mutikainen. 1995. Effect of size-dependent muskrat (Ondatra
zibethicus) predation on the spatial distribution of a freshwater clam, Anodonta
piscinalis nilsson (Unionidae, Bivalvia). Canadian Journal of Zoology

73 : 1085-1094.
Jung, R. E., K. E. Bonine, M. L. Rosenshield, A. de la Reza, S. Raimondo, and S.
Droege. 2002. Evaluation of canoe surveys for anurans along the Rio Grande in
Big Bend National Park, Texas. Journal of Herpetology 36:390-397.
Kimber, K. R., and G. V. Kollias II. 2000. Infectious and parasitic diseases and
contaminant-related problems of North American river otters: a review. Journal
of Zoo and Wildlife Medicine 3 1 :452-472.
Lacki, M. J., W. T. Peneston, K. B. Adams, F. D. Vogt, and J. C. Houppert. 1990.
Summer foraging patterns and diet selection of muskrats inhabiting a fen wetland.
Canadian Journal of Zoology 68: 1 1 63-1 1 67.
1 14

Lauhachinda, V. 1978. Life history of the river otter in Alabama with emphasis on food
habits. Dissertation, Auburn University, Auburn, Alabama, USA.
Layzer, J. B., T. R. Brady, and R. R. Cicerello. 2001. Status of the mussel fauna in the
Green River between Mammoth Cave National Park and the Green River Dam.
Final Report, USGS Tennessee Cooperative Fishery Research Unit, Tennessee
Technological University, Cookeville, Tennessee, USA.
LaZerte, B. D., and J. E. Szalados. 1982. Stable carbon isotope ratio of submerged
freshwater macrophytes. Limnology and Oceanography 27:413--418.
Leberg, P. L., and M. L. Kennedy. 1987. Use of scent station methodology to assess
raccoon abundance. Proceedings of the Annual Conference of the Southeast
Association of Fish and Wildlife Agencies 41:394--403.
Le Boulenge, E, and P.Y. Le Boulenge-Nguyen. 1981. Ecological study of a muskrat
population. Acta Theriologica 26:47-82.
Lee, J, and D. W. Wong. 2000. GIS and statistical analysis with ArcView. John Wiley
and Sons, New York, New York, USA.
Ling, J. K. 1970. Pelage and molting in wild mammals with special reference to aquatic
forms. Quarterly Review of Biology 45:16--54.
Linhart, S. B., and F. F. Knowlton. 1975. Determining the relative abundance of coyotes
by scent station lines. Wildlife Society Bulletin 3: 119-124.
Logsdon, C. 1989. Ecology of reintroduced river otters, Lutra canadensis, in Land
Between the Lakes, Kentucky. Thesis, Murray State University, Murray,
Kentucky, USA.

115

MacArthur, R. A. 1978. Winter movements and home range of the muskrat. The
Canadian Field Naturalist 92:345-349.
Macdonald, S. M., and C. F. Mason. 1985. Otters, their habitat and conservation in
northeast Greece. Biological Conservation 31:191-210.
McCabe, T. R., and G. Elison. 1986. An efficient live-capture technique for muskrats.
Wildlife Society Bulletin 14:282-284.
Melquist,W. E., and M. G. Homocker 1983. Ecology of river otters in west central
Idaho. Wildlife Monographs 83.
Mensing, S. A., R. G. Elston Jr., G. L. Raines, R. J. Tausch, and C. L. Nowak. 2000. A
GIS model to predict the location of fossil packrat (Neotoma) middens in central
Nevada. Western North American Naturalist 60:111-120.
Minagawa, M., and E. Wada. 1984. Step-wise enrichment of 15N along food chains:
further evidence and the relationship between o 1 5N and animal age. Geochimica
et Cosochimica Acta 48:1135-1140.
Minser, W. G., and J. ·c. Cole. 1991. The feasibility of nightlighting for monitoring
brood production of wood ducks on rivers. Proceedings of the Annual Conference
of the Southeast Association of Fish and Wildlife Agencies 45:167-174 .
Nadeau, S., R. Decarie, D. Lambert, and M. St-Georges. 1995. Nonlinear modeling of
muskrat use of habitat. Journal of Wildlife Management 59:110-117.
National Park Service. 2004 [accessed 2004 July 15]. Mammoth Cave National Park
weather and climate. Available from:
http://www.americanparks.net/mammoth_cave_weather.htm.

1 16

Neves, R. J., and M. C. Odom. 1989. Muskrat predation on endangered freshwater
mussels in Virginia. Journal of Wildlife Management 53:934--941.
O'Neil, T. 1949. The muskrat in Louisiana coastal marshes. Louisiana Department of
Wildlife and Fisheries, New Orleans, Louisiana, USA.
Ormann, A. E. 1926. The naiads of the Green River drainage in Kentucky. Annals of
the Carnegie Museum 17:168-188.
Ott, R. L., and M. Longnecker. 2001. Statistical methods and data analysis. Fifth
edition. Duxury, Pacific Grove, California, USA.
Parmalee, P. W., and A. E. Bogan. 1998. The freshwater mussels of Tennessee.
University of Tennessee, Knoxville, Tennessee, USA.
Perry, P. H. Jr. 1982. Muskrats: Ondatra zibethicus and Neofiber al/eni. Pages 282325 in J.A. Chapman and G.A. Feldhamer, editors. Wild mammals of North
America: biology, management, and economics. Johns Hopkins University,
Baltimore, Maryland, USA.
Peterson, B. J., and B. Fry. 1987. Stable isotopes in ecosystem studies. Annual Review
of Ecology and Systematics 18:293-320.
Phillips, D. L. 2001. Mixing models in analyses of diet using multiple stable isotopes: a
critique. Oecologia 127:166--170.
__ and J. W. Gregg. 2001. Uncertainty in source partitioning using stable
isotopes. Oecologia 127:171-179.

-- and P. L. Koch. 2002. Incorporating concentration dependence in stable
isotope mixing models. Oecologia 130:114--125.

117

Post, D. M. 2002. Using stable isotopes to estimate trophic position: models, methods,
and assumptions. Ecology 83:703-718.
Rao, C. R. 1952. Advanced statistical methods in biometric research. John Wiley and
Sons, New York, New York, USA.
Raesly, E. J. 2001. Progress and status of river otter reintroduction projects in the United
States. Wildlife Society Bulletin 29:856--862.
Ralls, K., and L. L. Eberhardt. 1997. Assessment of abundance of San Joaquin kit foxes
by spotlight surveys. Journal ofMammalogy 78 :65-73.
Robson, M. S., and S. R. Humphrey. 1985. Inefficacy of scent-stations for monitoring
river otter populations. Wildlife Society Bulletin 13:55-561.
Romanek, C. S., K. F. Gaines, A. L. Bryan Jr., and I. L. Brisbin Jr. 2000. Foraging
ecology of the endangered wood stork recorded in the ·stable isotope signature of
feathers. Oecologia 125:584-594.
Rosing, M. N., M. Ben-David, and R. P. Barry. 1998. Analysis of stable isotope data: a
K nearest-neighbors randomization test. Journal of Wildlife Management
62:380-388.
Roughton, R. D., and M. W. Sweeny. 1982. Refinement in scent-station methodlogy for
assessing trends in carnivore populations. Journal of Wildlife Management
46:217-229.
Sargeant, G. L., D. H. Johnson, and W. E. Berg. 1998. Interpreting carnivore scent
station surveys. Journal of Wildlife Management 62:1235-1245.
Sather, J. H. 1958. Biology of the great plains muskrat in Nebraska. Wildlife
Monographs 2.
118

Schacher, W. H., and M. R. Pelton. 1975. Productivity of muskrats in East Tennessee.
Proceedings of the Southeastern Association of Game and Fish Commissioners
29:594-608.
Schauster, E. R., E. M. Gese, and A. M. Kitchen. 2002. An evaluation of survey
methods for monitoring swift fox abundance. Wildlife Society Bulletin
30:464-477.
Schwartz, C. W., and E. R. Schwartz. 1981. The wild mammals of Missouri. University
of Missouri, Columbia, Missouri, USA.
Serfass, T. L., R. P. Brooks, and L. M. Rymon. 1993. Evidence of long-term survival
and reproduction of translocated river otters, Lutra canadensis. Canadian Field
Naturalist 107:5�3.
Sleeman, J., R. Stevens, and E. Ramsay. 1997. Field immobilization of muskrats
(Ondatra zibethicus) for minor surgical procedures. Journal of Wildlife Diseases

33:165-168.
Smith, G. W., and N. C. Nydergger. 1985. A spotlight line-transect method for
surveying jackrabbits. Journal of Wildlife Management 49:699-702.
Stapp, P., and G. A. Polis. 2003. Marine resources subsidize insular rodent populations
in the Gulf of California, Mexico. Oecologia 134:496--504.
Stewart, R. W., and J. R. Bider. 1974. Reproduction and survival of ditch-dwelling
muskrats in southern Quebec. Canadian Field-Naturalist 88:429-436.
__, and __. 1977. Summer activity of muskrats in relation to weather.
Journal of Wildlife Management 41:487--499.

11 9

Swafford, S. R. 2002. Population survey methods, immobilizations approaches, and
morphological characteristics for beaver in Lowndes County, Mississippi. Thesis,
Mississippi State University, Jackson, Mississippi, USA.
Swimley, T. J., T. L. Serfass, R. P. Brooks, and W. M. Tzilkowski. 1 998. Predicting
river otter latrine sites in Pennsylvania. Wildlife Society Bulletin 26:836-845.
Szepanski, M. M., M. Ben-David, and V. Van Ballenberghe. 1 999. Assessment of
anadromous salmon resources in the diet of the Alexander Archipelago wolf using
stable isotope analysis. Oecologia 120:327-335.
Takos, M. J. 1 947. A semi-quantitive study of muskrat food habits. Journal of Wildlife
Management 1 1 :33 1-339.
Tango, P. J., E. D. Michael, and J. I. Cromer. 1 99 1 . Survival and seasonal movements
during river otter restoration efforts in West Virginia. Proceedings of the
Annual Conference of the Southeast Association of Fish and Wildlife Agencies
45:64-72.
Thompson, L. M., S. E. Schlarbaum, and F. T. van Manen. 2004. A habitat model to
predict butternut occurrence and identify potential restoration sites in Mammoth
Cave National Park. Final report, University of Tennessee, Knoxville, Tennessee,
USA.
Thomson, J. D., G. Weiblen, B. A. Thomson, S. Alfaro, and P. Legendre. 1 996.
Untangling multiple factors in spatial distributions: lilies, gophers, and rocks.
Ecology 77: 1 698-1 7 1 5 .

120

Thurber, J. M., R. 0. Peterson, and T. D. Drummer. 1991. The effect of regulated lake
levels on muskrats, Ondatra zibethicus, in Voyageurs National Park, Minnesota.
The Canadian Field-Naturalist 105:34--40.
Tieszen, L. L., T. W. Boutton, K. G. Tesdahl, and N.A. Slade. 1993. Fractionation and
turnover of stable carbon isotopes in animal tissues: Implications for o 13 C
analysis of diet. Oecologia 57:32-37.
Tiffan, K. F., R. D. Garland, and D. W. Rondorf. 2002. Quantifying flow-dependent
changes in subyearling fall Chinook salmon rearing habitat using two
dimensional spatially explicit modeling. North American Journal of Fisheries
Management 22:713-726.
Toweill, D. E., and J. E. Tabor. 1982. River otter. Pages 688-703 in J.A. Chapman and
G.A. Feldhamer, editors. Wild Mammals of North America: Biology,
Management, Economics. The Johns Hopkins University Press, Baltimore,
Maryland, USA.
Tyrrell, M., and D. J. Rombach. 1998. Selective predation by muskrats on freshwater
mussels in 2 Minnesota rivers. Journal of the North American Benthological
Society 17:310--310.
Van Cleave, H. J. 1940. Ten years of observation on a fresh-water mussel population.
Ecology 21:363-370.
Vander Zanden, M. J., G. Cabana, and J. B. Rasmussen. 1997. Comparing trophic
position of freshwater fish calculated using stable nitrogen isotope ratios (6 1 5N)
and literature dietary data. Canadian Journal of Fisheries and Aquatic Science
54:1142-1158.
121

van Manen, F. T., J. D. Clark, S. E. Schlarbaum, K. Johnson, and G. Taylor. 2002. A
model to predict the occurrence of surviving butternut trees in the southern Blue
Ridge Mountains. Pages 49 1-497 in J. M. Scott, P. J. Heglund, and M. L.
Morrison, editors. Symposium on predicting species occurrences: issues of scale
and accuracy. Island Press, Covelo, California, USA.
Watters, G. T. 1 992. Unionids, fishes, and the species-area curve. Journal of
Biogeography 1 9:48 1-490.
__. 1996. Small dams as barriers to freshwater mussels (Bivalvia, Unionoida)
and their hosts. Biological Conservation 75 :79-85.
Williams, J. D., S. L. H. Fuller, and R. Grace. 1 992. Effects of impoundments of
freshwater mussels (Mollusca: Bivalvia: Unionidae) in the main channel of the
Black Warrior and Tombigbee Rivers in western Alabama. Bulletin of the
Alabama Museum of Natural History 1 3 : 1-10.
__, M. L. Warren Jr., K. S. Cummings, J. L. Harris, and R. J. Neves. 1 993 .
Conservation status of freshwater mussels of the United States and Canada.
Fisheries 1 8:6-22.
Wilson, K. A. 1952. The role of mink and otter as muskrat predators in northeastern
North Carolina. Proceedings of the Annual Conference of the Southeastern
Association of Game and Fish Commissioners 6:606-618.
Wilson, G. J., and R. J. Delahay. 2001. A review of methods to estimate the abundance
of terrestrial carnivores using field signs and observations. Wildlife Research 28:
1 5 1-164.

122

Woodman, R. L., and S. C. Thomas. 2003. Conceptual framework for the development
of long-term monitoring protocols at Mammoth Cave National Park, Kentucky.
United States Park Service, Mammoth Cave National Park, Mammoth Cave,
Kentucky, USA.
Zahner-Meike, E., and J. M. Hanson. 2001 . Effect of muskrat predation on naiads.
Pages 1 63- 1 84 in G. Bauer and K. Wachtler, editors. Ecology and evolution of
the freshwater mussels unionoida. Springer-Verlag, Berlin Heidelberg, Germany.
Zigler, S. J., M. R. Dewey, B. C. Knights, A. L. Runstrom, and M. T. Steingraeber.

2003. Movement and habitat use by radio-tagged paddlefish in the upper
Mississippi River and tributaries. North American Journal of Fisheries
Management 23 : 1 89-205 .

1 23

APPENDIX

1 25

Appendix A. Muskrat captures on the Green River, Mammoth Cave National Park,

Kentucky 2002-2003.

126

Table A. 1 . Muskrat captures on the Green River, Mammoth Cave National Park,
Kentucky, 2002-2003.
Date

ID#

Sex Age

Mass (g)

Trap type

26-Jun-02

01

M

Adult

1 120

Colony

27-Jun-02

02

M

Juvenile

320

Colony

29-Jun-02

03

F

Juvenile

1 80

Colony

05-Jul-02

04

F

Juvenile

1 80

Colony

09-Jul-02

05

M

Juvenile

270

Colony

With 06, 07

09-Jul-02

06

F

Juvenile

3 10

Colony

With 05, 07

09-Jul-02

07

F

Juvenile

470

Colony

With 05, 06

1 1 -Jul-02

08

M

Juvenile

320

Colony

12-Jul-02

09

M

Juvenile

360

Colony

1 5-Jul-02

10

M

Sub-adult

840

Colony

23-Jul-02

11

M

Juvenile

420

Colony

24-Jul-02

12

F

Juvenile

230

Colony

29-Jul-02

13

F

Juvenile

240

Colony

04-Aug-02

14

M

Adult

1610

Colony

1 5-Aug-02

15

F

Adult

1470

Colony

26-Feb-03

16

F

Adult

1400

Colony

1 1 -Mar-03

17

M

Adult

1 600

Box

1 8-Mar-03

18

M

Adult

1 075

Colony

1 9-Mar-03

19

F

Adult

1 300

Floating
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Comments

Mortality

Mortality

Found dead

Table A. l . continued
Date

ID#

Sex

Age

Mass (g)

Trap type

29-Mar-03

20

M

Adult

1400

Box trap

15-May-03

21

M

Juvenile

160

Colony

With 22

15-May-03

22

M

Juvenile

160

Colony

With 21

29-May-03

23

F

Juvenile

220

Colony

With 24, 25, 26
Mortality

29-May-03

24

F

Juvenile

240

Colony

With 23, 25, 26

29-May-03

25

M

Juvenile

240

Colony

With 23, 24, 26

29-May-03

26

M

Juvenile

220

Colony

With 23, 24, 25

29-May-03

27

F

Juvenile

260

Colony

07-Jun-03

28

M

Juvenile

300

Colony

24-Jun-03

29

F

Juvenile

160

Colony

With 30

24-June-03

30

M

Juvenile

160

Colony

With 29

26-Jun-03

31

M

Juvenile

290

Colony

27-Jun-03

32

F

Juvenile

260

Colony

30-Jun-03

33

F

Juvenile

320

Colony

30-Jun-03

34

M

Juvenile

580

Colony

01-Jul-03

35

M

Adult

1420

Snare

02-Jul-03

36

F

Adult

1100

Colony

09-Jul-03

37

M

Juvenile

220

Colony
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Comments

Table A.1. continued
Date

ID#

Sex Age

10-Jul-03

38

M

Juvenile

10-Jul-03

39

M

Juvenile

11-Jul-03

40

M

Adult

13-Jul-03

41

F

15-Jul-03

42

17-Jul-03

Mass (g)

Trap type

Comments

190

Colony

With 39

360

Colony

With 38

1640

Dipnet

Juvenile

430

Colony

F

Juvenile

260

Colony

43

M

Juvenile

200

Colony

20-Jul-03

44

M

Juvenile

280

Colony

20-Jul-03

45

F

Juvenile

220

Colony

24-Jul-03

46

F

Adult

1380

Dipnet

27-Jul-03

47

F

Adult

1200

Colony

03-Aug-03

48

M

Juvenile

580

Colony

04-Aug-03

49

M

Juvenile

600

Colony

05-Aug-03

50

M

Juvenile

240

Colony
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Mortality

Mortality
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